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!✐❣♥✐✜❝❛♥% '❡!✉❧%! ✭●❡'❜❡' ❛♥❞ ▼❛❧❤♦%'❛✱ ✷✵✵✽❛✮✳ ❚❤✐! ❜✐❛! ❝❛♥ ❜❡ ♠❛♥✐❢❡!% ✐♥ %❤❡
❤❡!✐%❛♥❝② %♦ !✉❜♠✐% ♦' ♣✉❜❧✐!❤ ♥❡❣❛%✐✈❡ ✜♥❞✐♥❣! ♦' ✐♥ %❤❡ ♠❛♥✐♣✉❧❛%✐♦♥ ♦❢ '❡!✉❧%!
%♦ ✐♥❝'❡❛!❡ ♣✉❜❧✐❝❛%✐♦♥ ♣'♦❜❛❜✐❧✐%✐❡!✳ ❊✐%❤❡' ✇❛②✱ !✉❝❤ ❜✐❛! ✐♥✢❛%❡! %❤❡ ♣✉❜❧✐!❤❡❞
!❝✐❡♥%✐✜❝ ❧✐%❡'❛%✉'❡ ❜② ♦✈❡'❧② !✐❣♥✐✜❝❛♥% ❛♥❞ ❤②♣♦%❤❡!✐!✲❝♦♥✜'♠✐♥❣ '❡!✉❧%!✳ ❉✐'❡❝%
!♦❝✐❛❧ ❝♦♥!❡R✉❡♥❝❡! ❝❛♥ ❜❡ ✐❞❡♥%✐✜❡❞✳ ❋♦' ✐♥!%❛♥❝❡✱ ❚✉'♥❡' ❡% ❛❧✳ ✭✷✵✵✽✮ ❞❡♠♦♥✲
!%'❛%❡❞ %❤❛% ♠❡❞✐❝❛❧ %'✐❛❧! ♦❢ ❛♥%✐❞❡♣'❡!!❛♥%! ❤❛❞ ❛ ♠✉❝❤ ❤✐❣❤❡' ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣
♣✉❜❧✐!❤❡❞ ✇❤❡♥ %❤❡ '❡!✉❧%! ✇❡'❡ ♣♦!✐%✐✈❡✱ ✇❤✐❝❤ ❛♣♣❛'❡♥%❧② ♠❛② ❛✛❡❝% ♣'❡!❝'✐♣%✐♦♥
'❛%❡!✳ Y✉❜❧✐❝❛%✐♦♥ ❜✐❛! ❛♥❞ !❝✐❡♥%✐✜❝ ♠✐!❝♦♥❞✉❝% ❛'❡ ❝❧♦!❡❧② '❡❧❛%❡❞ ❝♦♥❝❡♣%! !✐♥❝❡
%❤❡ ♠❛♥✐♣✉❧❛%✐♦♥ ♦❢ ❞❛%❛✱ '❡!✉❧%! ♦' ✐♥%❡'♣'❡%❛%✐♦♥ ❝❡'%❛✐♥❧② ❢♦!%❡'! ❛ ❜✐❛!❡❞ ❧✐%❡'❛✲
%✉'❡✳ ❍♦✇❡✈❡'✱ !❝✐❡♥%✐✜❝ ♠✐!❝♦♥❞✉❝% ✐! ♠♦'❡ %❤❛♥ %❤❛%✳ ■% ❞❡!❝'✐❜❡! ❜❡❤❛✈✐♦' %❤❛%
❞❡✈✐❛%❡! ❢'♦♠ ❣♦♦❞ !❝✐❡♥%✐✜❝ ♣'❛❝%✐❝❡✱ '❛♥❣✐♥❣✱ ❛♠♦♥❣ ♦%❤❡' %❤✐♥❣!✱ ❢'♦♠ ✐♥❝♦♠♣❧❡%❡
♦' ♥♦♥✲%'❛♥!♣❛'❡♥% ❞❡!❝'✐♣%✐♦♥ ♦❢ '❡!❡❛'❝❤ ♣'♦❥❡❝%!✱ ♣❧❛❣✐❛'✐!♠✱ ❞❛%❛ ❢❛❜'✐❝❛%✐♦♥✱ ❛♥❞
❝♦♥❝❡❛❧✐♥❣ ❝♦♥✢✐❝%! ♦❢ ✐♥%❡'❡!%✱ %♦ ✉♥❡%❤✐❝❛❧ ❜❡❤❛✈✐♦' %♦✇❛'❞! '❡!❡❛'❝❤ !✉❜❥❡❝%! ♦'
♠✐!❛♣♣'♦♣'✐❛%✐♦♥ ♦❢ '❡!❡❛'❝❤ ❢✉♥❞! ✭▼❛'%✐♥!♦♥ ❡% ❛❧✳✱ ✷✵✵✺❀ ✈❛♥ ●✉♥!%❡'❡♥✱ ✷✵✶✸✮✳
❙❝✐❡♥%✐✜❝ ♠✐!❝♦♥❞✉❝% ♦❜✈✐♦✉!❧② ❤❛! ❞'❛♠❛%✐❝ ❝♦♥!❡R✉❡♥❝❡!✱ !✐♥❝❡ ✐% ♣✉%! %❤❡ ❝'❡❞✐✲
❜✐❧✐%② ♦❢ !❝✐❡♥❝❡ ❛% '✐!❦ ❛♥❞ ✉♥❞❡'♠✐♥❡! ♠❡'✐%♦❝'❛%✐❝ ♣'✐♥❝✐♣❧❡! ❛❝❝♦'❞✐♥❣ %♦ ✇❤✐❝❤
❤♦♥❡!% ❛♥❞ %❤♦'♦✉❣❤ '❡!❡❛'❝❤ !❤♦✉❧❞ ❜❡ '❡✇❛'❞❡❞✳
❚❤❡ ❞✐!!❡'%❛%✐♦♥ ❤❛! %✇♦ ♦❜❥❡❝%✐✈❡!✳ ❖♥ %❤❡ ♦♥❡ ❤❛♥❞✱ ✐% ♣✉'!✉❡! ❛ ❝♦♥%❡♥%✉❛❧
❛♣♣'♦❛❝❤ %♦ ✈✐♦❧❛%✐♦♥! ♦❢ '❡!❡❛'❝❤ ✐♥%❡❣'✐%②✳ ❆! !✉❝❤✱ ✐% ✐♥✈❡!%✐❣❛%❡!✱ ✜'!%✱ ✇❤❡%❤❡'
✷✳ ❤##♣%✿✴✴✇✇✇✳✇❤♦✳✐♥#✴♥❡✇%✲.♦♦♠✴❢❡❛#✉.❡✲%#♦.✐❡%✴#❡♥✲#❤.❡❛#%✲#♦✲❣❧♦❜❛❧✲❤❡❛❧#❤✲✐♥✲✷✵✶✾ ✭❛❝✲
❝❡%%❡❞ ♦♥ ✸✵ ❏❛♥✉❛.② ✷✵✷✵✮
✷
❛♥❞ ❤♦✇ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛- ❛♥❞ ,❤❡ ♥❛,✉/❡ ♦❢ ♣✉❜❧✐❝❛,✐♦♥- ❤❛✈❡ ❝❤❛♥❣❡❞ ♦✈❡/ ,✐♠❡
✐♥ ,❤❡ ❡❝♦♥♦♠✐❝ ❧✐,❡/❛,✉/❡ ❛♥❞✱ -❡❝♦♥❞✱ ❤♦✇ -❝✐❡♥,✐✜❝ ♠✐-❝♦♥❞✉❝, ❝❛♥ ❜❡ ❜❡,,❡/
6✉❛♥,✐✜❡❞ ✐♥ ,❤❡ ❢✉,✉/❡✳ ❖♥ ,❤❡ ♦,❤❡/ ❤❛♥❞✱ ,❤❡ ❞✐--❡/,❛,✐♦♥ ♣✉/-✉❡- ❛♥ ✐♥,❡❣/❛,✐♦♥
♦❢ ✈❛/✐♦✉- ❡♠♣✐/✐❝❛❧ ♠❡,❤♦❞- ,♦ ❡①♣❧♦/❡ ✈✐♦❧❛,✐♦♥- ♦❢ /❡-❡❛/❝❤ ✐♥,❡❣/✐,②✳ ■, ❛❞♦♣,-
♥♦♥✲/❡❛❝,✐✈❡ ♠❡,❤♦❞- ❜② ✉-✐♥❣ ♣/♦❝❡--✲❣❡♥❡/❛,❡❞ ❞❛,❛✱ ❛- ✇❡❧❧ ❛- /❡❛❝,✐✈❡ ♠❡,❤♦❞-
✐♥ ,❤❡ ❢♦/♠ ♦❢ ❛ 6✉❛♥,✐,❛,✐✈❡ ❛♥❞ ❛ 6✉❛❧✐,❛,✐✈❡ -✉/✈❡②✳
❚❤❡ ❞✐--❡/,❛,✐♦♥ ❝♦♠♣/✐-❡- ,❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛♣❡/-✱ ✇❤✐❝❤ ❝♦✈❡/ ,❤❡ ❝♦/❡ ,❤❡♠❡- ✏♣✉❜✲
❧✐❝❛,✐♦♥ ❜✐❛-✑ ❛♥❞ ✏-❝✐❡♥,✐✜❝ ♠✐-❝♦♥❞✉❝,✑✿
✶✳ ◆♦" ❡✈❡%②"❤✐♥❣ ❤❛, ❜❡❡♥ ❜❡""❡% ✐♥ "❤❡ ♦❧❞ ❞❛②,✱ ❥✉," ❞✐✛❡%❡♥"✳ 5✉❜❧✐❝❛"✐♦♥
❜✐❛, ❛♥❞ ♦"❤❡% "%❡♥❞, ✐♥ "❤❡ ❡❝♦♥♦♠✐❝ ❧✐"❡%❛"✉%❡ ,✐♥❝❡ ✶✾✺✾ ✳ ❙✉❜♠✐,,❡❞✳ ✭❈♦✲
❛✉,❤♦/-✿ ❆♥❞/❡❛- ❉✐❡❦♠❛♥♥ ❛♥❞ ❍❡✐❦♦ ❘❛✉❤✉,✮
✷✳ ▲❛%❣❡% %❡,❡❛%❝❤ ❣%♦✉♣, ❣❡♥❡%❛"❡ ❧❡,, ♣✉❜❧✐❝❛"✐♦♥ ❜✐❛,✳ ❙✉❜♠✐,,❡❞✳ ✭❈♦✲❛✉,❤♦/-✿
❆❧❡①❛♥❞❡/ ❊❤❧❡/, ❛♥❞ ❍❡✐❦♦ ❘❛✉❤✉,✮
✸✳ ❆,❦✐♥❣ ,❡♥,✐"✐✈❡ ?✉❡,"✐♦♥, ✉,✐♥❣ "❤❡ ❝%♦,,✇✐,❡ ♠♦❞❡❧✿ ❆♥ ❡①♣❡%✐♠❡♥"❛❧ ,✉%✲
✈❡② ♠❡❛,✉%✐♥❣ ♣❧❛❣✐❛%✐,♠✳ N✉❜❧✐❝ ❖♣✐♥✐♦♥ ◗✉❛/,❡/❧②✱ ✷✵✶✷✱ ✼✻✿ ✸✷✲✹✾✳ ✭❈♦✲
❛✉,❤♦/-✿ ❇❡♥ ❏❛♥♥ ❛♥❞ ■✈❛/ ❑/✉♠♣❛❧✮
✹✳ ❚♦♦ ,♦♣❤✐,"✐❝❛"❡❞ ❡✈❡♥ ❢♦% ❤✐❣❤❧② ❡❞✉❝❛"❡❞ ,✉%✈❡② %❡,♣♦♥❞❡♥",❄ ❆ ?✉❛❧✐"❛"✐✈❡
❛,,❡,,♠❡♥" ♦❢ ✐♥❞✐%❡❝" ?✉❡,"✐♦♥ ❢♦%♠❛", ❢♦% ,❡♥,✐"✐✈❡ ?✉❡,"✐♦♥, ✳ ❙✉/✈❡② ❘❡✲
-❡❛/❝❤ ▼❡,❤♦❞-✱ ✷✵✶✾✱ ✶✸✿ ✸✶✾✲✸✺✶✳ ✭❈♦✲❛✉,❤♦/-✿ ❉❛✈✐❞ ❏♦❤❛♥♥✱ ❍❡✐❦♦ ❘❛✉❤✉,
❛♥❞ ❑❛,❤/✐♥ ❚❤♦♠❛-✮
❚❤❡ ❛❞❞❡❞ ✈❛❧✉❡ ♦❢ ,❤✐- -②♥♦♣-✐- -❤❛❧❧ ❜❡ ,♦ ❡♠❜❡❞ ,❤❡-❡ ,✇♦ ❝♦/❡ ,❤❡♠❡- ✐♥,♦ ❛
❝♦♠♠♦♥ ❢/❛♠❡✇♦/❦✳ ❇♦,❤✱ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛- ❛♥❞ -❝✐❡♥,✐✜❝ ♠✐-❝♦♥❞✉❝, ❛/❡ -②♠♣✲
,♦♠- ♦❢ ❛ ✏♣✉❜❧✐-❤ ♦/ ♣❡/✐-❤✑ -②-,❡♠ ✐♥ ✇❤✐❝❤ /❡-❡❛/❝❤❡/- ❢❛❝❡✱ ✜/-,✱ ❛ ❤✐❣❤ ♣/❡--✉/❡
,♦ ♣/❡-❡♥, ♦/✐❣✐♥❛❧✱ ♥♦✈❡❧ ❛♥❞ ✐♥♥♦✈❛,✐✈❡ ❝♦♥,/✐❜✉,✐♦♥-✱ ❛♥❞✱ -❡❝♦♥❞✱ ❛ ❤✐❣❤❧② ✐♥✲
❝❡♥,✐✈✐③❡❞ ♣✉❜❧✐❝❛,✐♦♥ ♠❛/❦❡, ✇✐,❤ ♣✉❜❧✐❝❛,✐♦♥-✱ ❝✐,❛,✐♦♥- ❛♥❞ ❤✐❣❤ ✐♠♣❛❝, ❛- ,❤❡
❤✐❣❤❡-, /❡✇❛/❞✳ ❙✉❝❤ ❛ -②-,❡♠ ♥♦, ❥✉-, ❣❡♥❡/❛,❡- ✐♥❝❡♥,✐✈❡- ❢♦/ -❝✐❡♥,✐✜❝ ♠✐-❝♦♥✲
❞✉❝,❀ ✐, ♠❛② ❛❧-♦ ♠✐-❧❡❛❞ ❤♦♥❡-, /❡-❡❛/❝❤ ✐♥ ,❤❡ -❡♥-❡ ,❤❛, ❡❞✐,♦/- ❛♥❞ /❡✈✐❡✇❡/-
♠❛② ♣/❡❢❡/ ♠❛♥✉-❝/✐♣,- /❡♣♦/,✐♥❣ ♥♦✈❡❧ ❛♥❞ -✐❣♥✐✜❝❛♥, /❡-✉❧,-✱ ❛♥❞ ,❤❛, /❡-❡❛/❝❤❡/-✱
✐♥ ❛♥,✐❝✐♣❛,✐♦♥✱ ❤❡-✐,❛,❡ ,♦ -✉❜♠✐, ♠❛♥✉-❝/✐♣,- ✇✐,❤ ♥❡❣❛,✐✈❡ ♦/ ✐♥-✐❣♥✐✜❝❛♥, /❡-✉❧,-
✐♥ ,❤❡ ✜/-, ♣❧❛❝❡✳ ❙✉❝❤ -❡❧❡❝,✐✈❡ ❜❡❤❛✈✐♦/ /❡-✉❧,- ✐♥ ,❤❡ -♦✲❝❛❧❧❡❞ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛-✳
■♥ ,❤❡ ❢♦❧❧♦✇✐♥❣ -❡❝,✐♦♥ ✭✶✳✷✮✱ ,❤❡ ❝♦♥❝❡♣,- ♦❢ /❡-❡❛/❝❤ ✐♥,❡❣/✐,②✱ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛-✱
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"❤❡ ✐♥."❛❧❧❛"✐♦♥ ♦❢ ♣$❡✲$❡❣✐."$❛"✐♦♥ ♣❧❛"❢♦$♠. ❛♥❞ "$❛♥.♣❛$❡♥❝② ❣✉✐❞❡❧✐♥❡. .✉❝❤ ❛.
"❤❡ ❙❚❘❖❇❊ ❧✐."✳
✸
■♥ ❝♦♠♣❛$✐.♦♥✱ "❤❡ ❞✐-✐♥2❡,❡-2❡❞♥❡-- ♥♦$♠ ✐. ❝❡$"❛✐♥❧② ♠♦$❡
❞✐✣❝✉❧" "♦ ❝❛♣"✉$❡✱ ❛. ✐" ✐♠♣♦.❡. ✐♠♣❡$❛"✐✈❡. ♦♥ "❤❡ ❝❤❛$❛❝"❡$ ❛♥❞ ♠♦"✐✈❛"✐♦♥ ♦❢ ❛
$❡.❡❛$❝❤❡$✳ ❋✐♥❛❧❧②✱ "❤❡ ♦,❣❛♥✐③❡❞ -❦❡♣2✐❝✐-♠ ♥♦$♠ ✐. ✐♠♣❧❡♠❡♥"❡❞ ✐♥ ✈❛$✐♦✉. ❢♦$♠.✳
❋♦$ ✐♥."❛♥❝❡✱ "❤❡ ♣❡❡$✲$❡✈✐❡✇ .②."❡♠ ✐. ❛ ❢♦$♠❛❧ ✇❛② "♦ ❡✈❛❧✉❛"❡ .❝✐❡♥"✐✜❝ ❝♦♥"$✐❜✉✲
"✐♦♥. ❝$✐"✐❝❛❧❧②✱ ✇❤❡$❡❛.✱ ✐♥ ❝♦♥"$❛."✱ S✉❜S❡❡$ ✕ ❛ ♣❧❛"❢♦$♠ "❤❛" ❞❡.❝$✐❜❡. ✐".❡❧❢ ❛.
❛♥ ♦♥❧✐♥❡ ❥♦✉$♥❛❧ ❝❧✉❜ ✕ ❝❛♥ ❜❡ $❡❣❛$❞❡❞ ❛. ❛♥ ✐♥❢♦$♠❛❧ ✐♥."✐"✉"✐♦♥ "♦ ❞✐.❝✉.. ❛♥❞
❝$✐"✐❝✐③❡ ♣❡❡$ ♣✉❜❧✐❝❛"✐♦♥. ❝♦♥."$✉❝"✐✈❡❧②✳ ❋✉$"❤❡$✱ .②."❡♠❛"✐❝❛❧❧② ♦$❣❛♥✐③❡❞ $❡♣❧✐❝❛✲
"✐♦♥ ✐♥✐"✐❛"✐✈❡. ✭❡✳❣✳✱ "❤❡ ❖♣❡♥ ❙❝✐❡♥❝❡ ❈♦❧❧❛❜♦$❛"✐♦♥✱ ✷✵✶✺✮ ❝♦♥"$✐❜✉"❡ "♦ ❛ ❝$✐"✐❝❛❧
❡✈❛❧✉❛"✐♦♥ ♦❢ ♣$❡✈✐♦✉. $❡.❡❛$❝❤✳
❆❧❧ ✐♥ ❛❧❧✱ ✐" ❝❛♥ ❜❡ ."❛"❡❞ "❤❛" "❤❡ .❝✐❡♥"✐✜❝ ❝♦♠♠✉♥✐"② ✐. ❜❡❝♦♠✐♥❣ ✐♥❝$❡❛.✐♥❣❧②
❛✇❛$❡ ♦❢ "❤❡ .②."❡♠✬. .❤♦$"❝♦♠✐♥❣.✱ ❛♥❞ "❤❛" ♠♦$❡ ❛♥❞ ♠♦$❡ ✐♥✐"✐❛"✐✈❡. ❛$❡ ❜❡✐♥❣
❧❛✉♥❝❤❡❞ "♦ ❝♦✉♥"❡$❛❝" ✈✐❣♦$♦✉.❧② ❛♥❞ ♣$❡.❡$✈❡ $❡.❡❛$❝❤ ✐♥"❡❣$✐"②✳ ❆. ❛♥ ❡①❛♠♣❧❡✱
"❤❡ ❝✉$$❡♥" $❡♣❧✐❝❛"✐♦♥ ❝$✐.✐. ❝❛♥ ❜❡ ✈✐❡✇❡❞ ❢$♦♠ "✇♦ ♣❡$.♣❡❝"✐✈❡.✳ ❖♥ "❤❡ ♦♥❡
❤❛♥❞✱ ❧❛$❣❡✲.❝❛❧❡ $❡♣❧✐❝❛"✐♦♥ ♣$♦❥❡❝".✱ ✐♥ ✇❤✐❝❤ ♦♥❧② ❛ .♠❛❧❧ ♣❛$" ♦❢ "❤❡ ♦$✐❣✐♥❛❧
."✉❞✐❡. ❝♦✉❧❞ ❜❡ $❡♣❧✐❝❛"❡❞ ✭❡✳❣✳✱ ❖♣❡♥ ❙❝✐❡♥❝❡ ❈♦❧❧❛❜♦$❛"✐♦♥✱ ✷✵✶✷✱ ✷✵✶✺✮✱ ❤❛✈❡ ❧❡❞
"♦ ❛♥ ❡$❛ ✐♥ ✇❤✐❝❤ .❝✐❡♥"✐.". ❛$❡ ✐♥❝$❡❛.✐♥❣❧② ❝♦♥❝❡$♥❡❞ ❛❜♦✉" ❛ ,❡♣❧✐❝❛2✐♦♥ ❝,✐-✐-
❛♥❞ "❤❡ ❢❛✐❧✉,❡ ♦❢ -❝✐❡♥❝❡✳ ❖♥ "❤❡ ♦"❤❡$ ❤❛♥❞✱ ❤♦✇❡✈❡$✱ "❤✐. ❞❡✈❡❧♦♣♠❡♥" .❤♦✇.
"❤❛" .❝✐❡♥❝❡ ✐. ❛❝"✉❛❧❧② .❡❧❢✲❝♦$$❡❝"✐♥❣ ❛♥❞ "❤❛" ✢❛✇❡❞ ."✉❞✐❡. ✇✐❧❧ ❡✈❡♥"✉❛❧❧② ❜❡
❞❡"❡❝"❡❞✳ ❋✉$"❤❡$♠♦$❡✱ ✐" ❧❡❞ "♦ ✈❛❧✉❛❜❧❡ ✐♥✐"✐❛"✐✈❡. "♦ ✐♥❝$❡❛.❡ $❡♣$♦❞✉❝✐❜✐❧✐"② ❛♥❞
"$❛♥.♣❛$❡♥❝② ✐♥ ❢✉"✉$❡ $❡.❡❛$❝❤✳
✸✳ ❙❚❘❖❇❊ ❂ ❙❚)❡♥❣-❤❡♥✐♥❣ -❤❡ ❘❡♣♦)-✐♥❣ ♦❢ ❖❇3❡)✈❛-✐♦♥❛❧ 3-✉❞✐❡3 ✐♥ ❊♣✐❞❡♠✐♦❧♦❣②✳ ❚❤❡
❝❤❡❝❦❧✐3- ✐3 3✉♣♣♦)-❡❞ ❜② ❛ ❣)♦✇✐♥❣ ♥✉♠❜❡) ♦❢ ✭❜✐♦♠❡❞✐❝❛❧✮ ❥♦✉)♥❛❧3✱ ✐♥❝❧✉❞✐♥❣ ❛ ❥♦✉)♥❛❧ ♦❢ -❤❡ ◆❛✲
#✉%❡ ❢❛♠✐❧②✳ ✭❤--♣3✿✴✴✇✇✇✳3-)♦❜❡✲3-❛-❡♠❡♥-✳♦)❣✴✐♥❞❡①✳♣❤♣❄✐❞❂3-)♦❜❡✲❡♥❞♦)3❡♠❡♥-✱ ❛❝❝❡33❡❞ ♦♥
✸✵ ❏❛♥✉❛)② ✷✵✷✵✮
✺
✶✳✷✳✷ ❱✐♦❧❛(✐♦♥* ♦❢ ,❡*❡❛,❝❤ ✐♥(❡❣,✐(②
❉❡"♣✐%❡ "%&♦♥❣ ❡✛♦&%" %♦ ♣&♦♠♦%❡ &❡"❡❛&❝❤ ✐♥%❡❣&✐%②✱ ❞♦❝✉♠❡♥%❡❞ ❜✐❛"❡" ✐♥ %❤❡ "❝✐✲
❡♥%✐✜❝ ❧✐%❡&❛%✉&❡ ❛♥❞ ✉♥❝♦✈❡&❡❞ ❝❛"❡" ♦❢ "❝✐❡♥%✐✜❝ ♠✐"❝♦♥❞✉❝% &❡♣❡❛%❡❞❧② "❤♦✇ %❤❛%
%❤❡&❡ ✐" "%✐❧❧ ❛ ❧♦♥❣ ✇❛② %♦ ❣♦✳ ■♥ %❤❡ ❢♦❧❧♦✇✐♥❣✱ %❤❡ ❢♦❝✉" ✐" ♦♥ ♣✉❜❧✐❝❛%✐♦♥ ❜✐❛"✱ ❛"
♦♥❡ ❢♦&♠ ♦❢ %❤❡"❡ ❜✐❛"❡"✱ ❛♥❞ ♦♥ "❝✐❡♥%✐✜❝ ♠✐"❝♦♥❞✉❝%✳ ❚❤❡"❡ %✇♦ ❢♦❝❛❧ ♣♦✐♥%" ❛&❡ ♦❢
♣❛&%✐❝✉❧❛& ✐♥%❡&❡"% ❜❡❝❛✉"❡ %❤❡② ❛&❡ ❝❧♦"❡❧② &❡❧❛%❡❞ %♦ ❡❛❝❤ ♦%❤❡& ❛♥❞ ❝❛♥ ❜❡ "❡❡♥ ❛"
❛ ❞✐&❡❝% ❝♦♥"❡=✉❡♥❝❡ ♦❢ %❤❡ ♣&❡✈✐♦✉"❧② ❞✐"❝✉""❡❞ %❡♥"✐♦♥ ❜❡%✇❡❡♥ ▼❡&%♦♥✬" ♥♦&♠"✳
 ✉❜❧✐❝❛'✐♦♥ ❜✐❛*
@✉❜❧✐❝❛%✐♦♥ ❜✐❛" ✐" ❛ ♣&♦❜❧❡♠ %❤❛% ❤❛" ✐♥❝&❡❛"✐♥❣❧② ❜❡❡♥ &❡❝❡✐✈✐♥❣ ❛%%❡♥%✐♦♥ ✐♥ ❛ ❧❛&❣❡
♥✉♠❜❡& ♦❢ ❡♠♣✐&✐❝❛❧ ❞✐"❝✐♣❧✐♥❡"✳ ■♥ %❤✐" ❝♦♥%❡①%✱ ✐% ✐" ♠♦"% ❝♦♠♠♦♥❧② ❞❡"❝&✐❜❡❞ ❛"
%❤❡ %❡♥❞❡♥❝② %❤❛% ♠❛♥✉"❝&✐♣%" &❡♣♦&%✐♥❣ ♣♦"✐%✐✈❡ ♦& "✐❣♥✐✜❝❛♥% &❡"✉❧%" ❤❛✈❡ ❛ ❤✐❣❤❡&
♣✉❜❧✐❝❛%✐♦♥ ♣&♦❜❛❜✐❧✐%②✱ ✐♥❞❡♣❡♥❞❡♥%❧② ♦❢ %❤❡ ♠❡%❤♦❞♦❧♦❣✐❝❛❧ =✉❛❧✐%② ✭●❡&❜❡& ❛♥❞
▼❛❧❤♦%&❛✱ ✷✵✵✽❛✮✳ ❚❤✐" ✐♠♣❧✐❡" %❤❛% ❛ ♣❛♣❡& &❡♣♦&%✐♥❣ ❛ "✐❣♥✐✜❝❛♥% &❡"✉❧% ♠❛② ❜❡
♣✉❜❧✐"❤❡❞✱ ✇❤❡&❡❛" ❛ ♣❛♣❡& ♦❢ ❡=✉❛❧ ♠❡%❤♦❞♦❧♦❣✐❝❛❧ =✉❛❧✐%②✱ ❜✉% ✇✐%❤ ❛♥ ✐♥"✐❣♥✐✜❝❛♥%
&❡"✉❧%✱ ✐" &❡❥❡❝%❡❞ ♦& ♥♦% ❡✈❡♥ "✉❜♠✐%%❡❞✳ ❉❡"♣✐%❡ ❛ ✇✐❞❡ &❛♥❣❡ ♦❢ ❞❡✜♥✐%✐♦♥"✱
✹
%❤❡②
❧❛&❣❡❧② ❛❣&❡❡ %❤❛% %❤❡ ♣✉❜❧✐"❤❡❞ ❧✐%❡&❛%✉&❡ ♠❛② ♥♦% ❜❡ &❡♣&❡"❡♥%❛%✐✈❡ ❢♦& %❤❡ ✉♥✐✈❡&"❡
♦❢ &❡"❡❛&❝❤ ✉♥❞❡&%❛❦❡♥✱ ❧❡❛❞✐♥❣ %♦ ❛♥ ✉♥♥❛%✉&❛❧ ❛❝❝✉♠✉❧❛%✐♦♥ ♦❢ "✐❣♥✐✜❝❛♥% &❡"✉❧%"
✐♥ %❤❡ "❝✐❡♥%✐✜❝ ❧✐%❡&❛%✉&❡✳ ❈♦♥"❡=✉❡♥%❧②✱ %❤❡ ❛❜"❡♥❝❡ ♦❢ ❢❛✐❧❡❞ &❡"❡❛&❝❤ ❜✐❛"❡" %❤❡
❧✐%❡&❛%✉&❡ %♦✇❛&❞" ♦✈❡&❧②✲♣♦"✐%✐✈❡ ✜♥❞✐♥❣"✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞❡%&✐♠❡♥%❛❧ ❢♦& %❤❡ ❛❝❝✉✲
♠✉❧❛%✐♦♥ ♦❢ ❦♥♦✇❧❡❞❣❡✳ @✉❜❧✐❝❛%✐♦♥ ❜✐❛" ✐" ❝❧♦"❡❧② &❡❧❛%❡❞ %♦ %❤❡ ✇✐❞❡"♣&❡❛❞ ✉"❡ ♦❢
♥✉❧❧✲❤②♣♦%❤❡"✐" %❡"%✐♥❣ ✐♥ ❝♦♠❜✐♥❛%✐♦♥ ✇✐%❤ ❥✉❞❣♠❡♥%" ♦♥ %❤❡ "%❛%✐"%✐❝❛❧ "✐❣♥✐✜❝❛♥❝❡
♦❢ &❡"✉❧%" ✭❆✉"♣✉&❣ ❡% ❛❧✳✱ ✷✵✶✹✮✳ ■♥ %❤✐" ❝♦♥%❡①%✱ ✐% ❝♦✉❧❞ ❜❡ "❡❡♥ ❛" %❤❡ &❡"✉❧% ♦❢ ❛
♠✉%✉❛❧ &❡✐♥❢♦&❝❡♠❡♥% ♦❢ %❤❡ "%&♦♥❣ ✜①❛%✐♦♥ ♦♥ "%❛%✐"%✐❝❛❧ "✐❣♥✐✜❝❛♥❝❡ ❛" ❛ ❝&✐%❡&✐♦♥
❢♦& ❡✈❛❧✉❛%✐♥❣ "❝✐❡♥%✐✜❝ ❡✈✐❞❡♥❝❡ ❛♥❞ %❤❡ ♠✐"❝♦♥❝❡♣%✐♦♥ %❤❛% &❡"✉❧%" ✇❤✐❝❤ ❞♦ ♥♦%
❝♦♥✜&♠ ❛ ♣❛&%✐❝✉❧❛& ❤②♣♦%❤❡"✐" ❛&❡ ♦❢ ❧❡""❡& ✈❛❧✉❡ ❛♥❞ ✐♠♣♦&%❛♥❝❡✳
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❙♦❝✐❛❧ ♥♦'♠#✱ #♦❝✐❛❧ ❝♦♥ '♦❧ ❛♥❞ #❛♥❝ ✐♦♥# ❛'❡ ❛♥ ❡##❡♥ ✐❛❧  ♦♦❧  ♦ ❣❡♥❡'❛ ❡ #♦❝✐❛❧
♦'❞❡'✳ ❆# ♣'❡✈✐♦✉#❧② ❞✐#❝✉##❡❞✱ ✐♥ #❝✐❡♥❝❡ #♦❝✐❛❧ ♥♦'♠# ❧✐❦❡✇✐#❡ ♣'❡#❡'✈❡  ❤❡ ❛❞✈❛♥❝❡✲
♠❡♥ ♦❢ ❦♥♦✇❧❡❞❣❡ ❛♥❞  ❤❡ ✐❞❡❛❧ ♦❢  '✉ ❤ #❡❡❦✐♥❣✳ ❨❡ ✱  ❤❡#❡ ❝♦❧❧❡❝ ✐✈❡ ❣♦♦❞# ♦❢ ❡♥
❝♦♥✢✐❝ ✇✐ ❤ '❡#❡❛'❝❤❡'#✬ ✐♥❞✐✈✐❞✉❛❧ ❛#♣✐'❛ ✐♦♥# ❢♦' '❡♣✉ ❛ ✐♦♥✱ ♣❡❡'✲'❡❝♦❣♥✐ ✐♦♥ ❛♥❞
❝❛'❡❡' ❛❞✈❛♥❝❡♠❡♥ ✳ ■♥ '❡❝❡♥ ②❡❛'#✱ ♣'♦♠✐♥❡♥ ❢'❛✉❞ ❝❛#❡# #✉❝❤ ❛# ❉✐❡❞❡'✐❦ ❙ ❛♣❡❧✱
❏❛♥ ❍❡♥❞'✐❦ ❙❝❤K♥ ♦' ❏♦❛❝❤✐♠ ❇♦❧❞ ✇❡'❡ ✉♥❝♦✈❡'❡❞✱ #❤♦✇✐♥❣  ❤❛ ❝♦♠♠♦♥ '✉❧❡# ♦❢
#♦❝✐❛❧ ❛♥❞ #❡❧❢✲❝♦♥ '♦❧ ❢❛✐❧❡❞✱ '❛✐#✐♥❣  ❤❡ #❝✐❡♥ ✐✜❝ ❝♦♠♠✉♥✐ ②✬# ❛✇❛'❡♥❡## ❢♦' ❢'❛✉❞
❛♥❞ ♠❛♥✐♣✉❧❛ ✐♦♥ ✐♥ #❝✐❡♥❝❡✳ ❆# ❞✐#❝✉##❡❞ ❜❡❢♦'❡✱ ✐ ✐# ❧✐❦❡❧②  ❤❛  ❤❡#❡ ❝❛#❡# ❛'❡ ♥♦ 
♦♥❧② ❛ ❢❡✇ ❜❛❞ ❛♣♣❧❡#✳ ❚❤❡ ❝✉''❡♥ ❵♣✉❜❧✐#❤ ♦' ♣❡'✐#❤✬ #②# ❡♠ ♠❛② ❣❡♥❡'❛ ❡ ✐♥❝❡♥✲
 ✐✈❡# ❢♦' #❝✐❡♥ ✐✜❝ ♠✐#❝♦♥❞✉❝ ✱ #✉❝❤ ❛# ❢❛❜'✐❝❛ ✐♦♥ ♦❢ ❞❛ ❛ ♦'  ❤❡ '❡❧❛ ❡❞ ♣✉❜❧✐❝❛ ✐♦♥
❜✐❛#✳ ❋♦' ✐♥# ❛♥❝❡✱ ▼❡' ♦♥ ❛❧'❡❛❞② ❡♠♣❤❛#✐③❡❞ ♣'♦❜❧❡♠# ❛'✐#✐♥❣ ❢'♦♠  ❤❡ ❝♦♥# ❛♥ 
'❛❝❡ ❢♦' ♣'✐♦'✐ ② ✐♥ #❝✐❡♥ ✐✜❝ ❞✐#❝♦✈❡'② ❛♥❞ ♥♦ ❡#  ❤❛ ✏❬✳ ✳ ✳ ❪  ❤❡ ♣'❡##✉'❡  ♦ ❞❡♠♦♥✲
# '❛ ❡  ❤❡  '✉ ❤ ♦❢ ❛  ❤❡♦'② ♦'  ♦ ♣'♦❞✉❝❡ ❛ #❡♥#❛ ✐♦♥❛❧ ❞✐#❝♦✈❡'② ❤❛# ♦❝❝❛#✐♦♥❛❧❧②
❧❡❞  ♦  ❤❡ ❢❛❦✐♥❣ ♦❢ #❝✐❡♥ ✐✜❝ ❡✈✐❞❡♥❝❡✑ ✭▼❡' ♦♥✱ ✶✾✺✼✱ ♣✳ ✻✺✵✮✳ ❍♦✇❡✈❡'✱ ❤❡ ❝❡'✲
 ❛✐♥❧② ❞✐❞ ♥♦ ❛♥ ✐❝✐♣❛ ❡  ❤❡ ❝✉''❡♥ '❛❝❡ ❢♦' ❝✐ ❛ ✐♦♥#  ❤❛ ❝✉❧♠✐♥❛ ❡❞ ✐♥ ♦'❣❛♥✐③❡❞
❝♦♠♣❡ ✐ ✐♦♥ ❛♥❞  ❤❡ '❡#♣❡❝ ✐✈❡ #✉❝❝❡## ✐♥❞✐❝❛ ♦'# #✉❝❤ ❛#  ❤❡ ❥♦✉'♥❛❧ ✐♠♣❛❝ ❢❛❝ ♦'
❛♥❞  ❤❡ ❤✲✐♥❞❡①✳
■♥ ❣❡♥❡'❛❧✱  ❤❡ '❡❧❡✈❛♥ ❛❝ ♦'#✱ ✐✳❡✳✱ ❡❞✐ ♦'#✱ '❡✈✐❡✇❡'# ❛♥❞ '❡#❡❛'❝❤❡'#✱ #❡❡❦  ♦ ✐♥✲
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❋✐❣✉$❡ ✶✳✶✿ ❚❤❡ ✐♥,❡$♣❧❛② ♦❢ ✐♥❞✐✈✐❞✉❛❧ ♣❡$❝❡♣,✐♦♥6✱ 6❝✐❡♥,✐✜❝ ♠✐6❝♦♥❞✉❝, ❛♥❞ ♣✉❜✲
❧✐❝❛,✐♦♥ ❜✐❛6
❚❤❡ ♥♦%❛%✐♦♥ p < α ♠❛♥✉$❝&✐♣)$ (❡❢❡(* %♦ ♠❛♥✉*❝(✐♣%* ✐♥ ✇❤✐❝❤ %❤❡ ❦❡② ❤②♣♦%❤❡*✐* ❝♦✉❧❞ ❜❡
❝♦♥✜(♠❡❞ ❜② ✐♥❢❡(❡♥%✐❛❧ *%❛%✐*%✐❝*✳ ■♥ ❝♦♥%(❛*%✱ p > α ♠❛♥✉$❝&✐♣)$ ✐♥❞✐❝❛%❡* %❤❡ ♦♣♣♦*✐%❡ ❝❛*❡✳
✶✵
❛♥❞ ❍✐♥③✱ ✷✵✶✶✮✳ ❋♦. ✐♥/0❛♥❝❡✱ ❛ ❥♦✉.♥❛❧✬/ .❡♣✉0❛0✐♦♥ ✐/ ❜❛/✐❝❛❧❧② ❜✉✐❧0 ♦♥ 0❤❡ ✐♠✲
♣❛❝0 0❤❛0 0❤❡ ♣❛♣❡./ ♣✉❜❧✐/❤❡❞ ✇✐0❤✐♥ 0❤❛0 ❥♦✉.♥❛❧ ❤❛✈❡✳ ■♠♣❛❝0✱ ✐♥ 0✉.♥✱ ✐/ ♦❢0❡♥
♠❡❛/✉.❡❞ ❜② 0❤❡ ♥✉♠❜❡. ♦❢ ❝✐0❛0✐♦♥/ 0❤❛0 0❤❡ ✐♥❞✐✈✐❞✉❛❧ ♣❛♣❡./ .❡❝❡✐✈❡✱ /✐♥❝❡ 0❤❡/❡
✐♥❞✐❝❛0❡ 0❤❛0 0❤❡ ♣❛♣❡./✱ ✜./0✱ ❤❛✈❡ ❜❡❡♥ .❡❛❞ ❛♥❞✱ /❡❝♦♥❞✱ ❤❛✈❡ ❜❡❡♥ ❢♦✉♥❞ ✐♠✲
♣♦.0❛♥0 ❡♥♦✉❣❤ 0♦ ❜❡ ❝✐0❡❞ ❜② ♦0❤❡. .❡/❡❛.❝❤❡./✳ ❚❤❡ ❏♦✉.♥❛❧ ■♠♣❛❝0 ❋❛❝0♦. ✭❏■❋✮
✇❛/ ✐♥0.♦❞✉❝❡❞ /❡✈❡.❛❧ ❞❡❝❛❞❡/ ❛❣♦ ❛♥❞ ❤❛/ ❜❡❝♦♠❡ ❛ ✇✐❞❡❧②✲✉/❡❞ ♠❡❛/✉.❡ 0♦ ❡✈❛❧✲
✉❛0❡ ❛♥❞ ❝♦♠♣❛.❡ ❥♦✉.♥❛❧/ ✇✐0❤ .❡❣❛.❞ 0♦ 0❤❡✐. ✐♠♣❛❝0 ♦♥ 0❤❡ /❝✐❡♥0✐✜❝ ❝♦♠♠✉♥✐0②✳
❚❤❡.❡❢♦.❡✱ ❡❞✐0♦./ ✇❤♦ ✇❛♥0 0♦ ✐♠♣.♦✈❡ 0❤❡✐. ❥♦✉.♥❛❧✬/ .❡♣✉0❛0✐♦♥ ✇✐❧❧ ♠♦/0 ❧✐❦❡❧②
/0.✐✈❡ 0♦ ✐♥❝.❡❛/❡ 0❤❡ ❏■❋ ❜② ♣✉❜❧✐/❤✐♥❣ ♣❛♣❡./ 0❤❛0 ❛.❡ ❧✐❦❡❧② 0♦ .❡❝❡✐✈❡ ❛ ❤✐❣❤ ♥✉♠✲
❜❡. ♦❢ ❝✐0❛0✐♦♥/✳ ❚❤✐/ ✐/ ❛❣❣.❛✈❛0❡❞ ❜② 0❤❡ ❢❛❝0 0❤❛0 ❥♦✉.♥❛❧/ ❤❛✈❡ ❧✐♠✐0❡❞ /♣❛❝❡
❛♥❞ ❝❛♥ ✉/✉❛❧❧② ♦♥❧② ❛❝❝❡♣0 ❛ ❧✐♠✐0❡❞ ♥✉♠❜❡. ♦❢ ♠❛♥✉/❝.✐♣0/✳ ❉.❛✇✐♥❣ ♦♥ 0❤❡ ❞✐/✲
❝✉//✐♦♥ ✐♥ 0❤❡ ♣.❡✈✐♦✉/ /❡❝0✐♦♥✱ 0❤❡ ❢❛❝0 0❤❛0 ❛ ♣❛♣❡.✬/ H✉❛❧✐0② ✐/ ♦❢0❡♥ ❝♦♥❢✉/❡❞
✇✐0❤ 0❤❡ /0❛0✐/0✐❝❛❧ /✐❣♥✐✜❝❛♥❝❡ ♦❢ 0❤❡ .❡♣♦.0❡❞ .❡/✉❧0/ ♠❛② 0❤❡♥ ❧❡❛❞ ❡❞✐0♦./ ❛♥❞
.❡✈✐❡✇❡./ 0♦ ♣.❡❢❡. ❤②♣♦0❤❡/✐/✲❝♦♥✜.♠✐♥❣ .❡/✉❧0/ ✭❉✐❝❦❡./✐♥ ❡0 ❛❧✳✱ ✶✾✾✷❀ ❈❛❧❧❛❤❛♠
❡0 ❛❧✳✱ ✶✾✾✽✮✳ ■.♦♥✐❝❛❧❧②✱ 0❤❡.❡ ✐/ ♥♦ ❡✈✐❞❡♥❝❡ ❢♦. ❛ ❞✐.❡❝0 .❡❧❛0✐♦♥/❤✐♣ ❜❡0✇❡❡♥ 0❤❡
/0.❡♥❣0❤ ♦❢ /0❛0✐/0✐❝❛❧ /✐❣♥✐✜❝❛♥❝❡ ❛♥❞ 0❤❡ ♥✉♠❜❡. ♦❢ ❝✐0❛0✐♦♥/ .❡❝❡✐✈❡❞ ✭❈❛❧❧❛❤❛♠
❡0 ❛❧✳✱ ✷✵✵✷❀ ❙❝❤♥❡✐❞❡. ❛♥❞ ❍❡♥.✐❦/❡♥✱ ✷✵✶✸❀ ❆♥♥❛❧✐♥❣❛♠ ❡0 ❛❧✳✱ ✷✵✶✹✮✳ ❆✉/♣✉.❣ ❛♥❞
❍✐♥③ ✭✷✵✶✶✮ .❛✐/❡ ❛ ❢✉.0❤❡. ♣♦✐♥0 0❤❛0 ♠❛② ❜❡ .❡❧❡✈❛♥0 ❢♦ .❡✈✐❡✇❡./✳ ❙✐♥❝❡ .❡✈✐❡✇✲
❡./ 0❤❡♠/❡❧✈❡/ ❛.❡ ✐♥✈♦❧✈❡❞ ✐♥ 0❤❡✐. ♦✇♥ .❡/❡❛.❝❤ ♣.♦❥❡❝0/✱ 0❤❡② /✉✛❡. ❢.♦♠ ❝❡.0❛✐♥
0✐♠❡ ❝♦♥/0.❛✐♥0/✳ ❙♣❡♥❞✐♥❣ ❛ ❧♦0 ♦❢ 0✐♠❡ ♦♥ ✇.✐0✐♥❣ ❛ 0❤♦✉❣❤0❢✉❧ ❛♥❞ ❝♦♠♣.❡❤❡♥/✐✈❡
.❡✈✐❡✇ ✇✐❧❧ ✐♥❡✈✐0❛❜❧② .❡❞✉❝❡ 0❤❡ ❛♠♦✉♥0 ♦❢ 0✐♠❡ 0❤❡② ❤❛✈❡ 0♦ ❝♦♥❞✉❝0 0❤❡✐. ♦✇♥
/0✉❞✐❡/✳ ❚❤❡.❡❢♦.❡✱ ❝♦♥/✐❞❡.✐♥❣ 0❤❡ /0❛0✐/0✐❝❛❧ /✐❣♥✐✜❝❛♥❝❡ ♦❢ 0❤❡ .❡/✉❧0/ ♠❛② ❜❡ .❡✲
❣❛.❞❡❞ ❛/ ❛ ❝♦♥✈❡♥✐❡♥0 ❛♥❞ 0✐♠❡✲/❛✈✐♥❣ ❤❡✉.✐/0✐❝ ✇❤❡♥ ❡✈❛❧✉❛0✐♥❣ 0❤❡ H✉❛❧✐0② ♦❢ ❛
♣❛♣❡.✳ ■♥ /❤♦.0✱ ❥♦✉.♥❛❧/✱ .❡♣.❡/❡♥0❡❞ ❜② ❡❞✐0♦./ ❛♥❞ .❡✈✐❡✇❡./✱ ✇✐❧❧ 0❡♥❞ 0♦ ❛00.✐❜✉0❡
❤✐❣❤❡. H✉❛❧✐0② 0♦ ♣❛♣❡./ 0❤❛0 .❡♣♦.0 /✐❣♥✐✜❝❛♥0 .❡/✉❧0/✱ ❛♥❞ 0❤❡② ❛.❡ 0❤❡.❡❢♦.❡ ❧✐❦❡❧②
0♦ ❢❛✈♦. 0❤❡/❡ ❢♦. ♣✉❜❧✐❝❛0✐♦♥ ♦✈❡. ♥♦♥✲/✐❣♥✐✜❝❛♥0 ✜♥❞✐♥❣/✱ .❡✢❡❝0✐♥❣ 0❤❡ ✉♣♣❡. ♣❛0❤
✐♥ ❋✐❣✉.❡ ✶✳✶✳
❋.♦♠ 0❤❡ .❡/❡❛.❝❤❡./✬ ♣❡./♣❡❝0✐✈❡✱ ❧♦✇❡. ♣❛0❤/ ♦❢ ❋✐❣✉.❡ ✶✳✶✱ .❡♣✉0❛0✐♦♥ ❛♥❞ ♣❡❡.✲
.❡❝♦❣♥✐0✐♦♥ ❛.❡ ❝❧♦/❡❧② .❡❧❛0❡❞ 0♦ ✈✐/✐❜✐❧✐0②✳ ❱✐/✐❜✐❧✐0②✱ ✐♥ 0✉.♥✱ ❝❛♥ ❜❡ ✐♥❝.❡❛/❡❞ ❜②
✜./0 ♣✉❜❧✐/❤✐♥❣ ♠❛♥② ♣❛♣❡./ ❛♥❞✱ /❡❝♦♥❞✱ ❜② ❜❡✐♥❣ ❢.❡H✉❡♥0❧② ❝✐0❡❞✳ ❋✉.0❤❡.✱ ❛
❤✐❣❤ ♥✉♠❜❡. ♦❢ ♣✉❜❧✐❝❛0✐♦♥/ ❛♥❞ ❝✐0❛0✐♦♥/ /✐❣♥❛❧/ .❡/❡❛.❝❤ ♣.♦❞✉❝0✐✈✐0② ❛♥❞ ✐♠♣❛❝0
❛♥❞ ✐♠♣.♦✈❡/ ❛❝❛❞❡♠✐❝ ❝❛.❡❡. ♦♣0✐♦♥/✳
✻
❨❡0 ❛❣❛✐♥✱ 0❤❡ ❜❡❧✐❡❢ 0❤❛0 /✐❣♥✐✜❝❛♥0 .❡/✉❧0/
.❡❝❡✐✈❡ ♠♦.❡ .❡❝♦❣♥✐0✐♦♥ ❛♥❞ ❝✐0❛0✐♦♥/ ❞♦❡/ ♥♦0 ✜♥❞ ❛♥② ❡♠♣✐.✐❝❛❧ /✉♣♣♦.0✳ ❍♦✇❡✈❡.✱
/✐❣♥✐✜❝❛♥0 .❡/✉❧0/ ②✐❡❧❞ ❜❡00❡. ❝❤❛♥❝❡/ ♦❢ ❜❡✐♥❣ ♣✉❜❧✐/❤❡❞ ✐♥ ❤✐❣❤✲✐♠♣❛❝0 ❥♦✉.♥❛❧/✳
❚❤✐/✱ ✐♥ 0✉.♥✱ ✐♥❝.❡❛/❡/ 0❤❡ ❛✈❡.❛❣❡ ♥✉♠❜❡. ♦❢ ❝✐0❛0✐♦♥/ ✭❈❛❧❧❛❤❛♠ ❡0 ❛❧✳✱ ✷✵✵✷❀ U❡♥❣
✻✳ ❋♦$ ✐♥'(❛♥❝❡✱ ❍✐❧♠❡$ ❡( ❛❧✳ ✭✷✵✶✺✮ ❤❛✈❡ '❤♦✇♥ (❤❛( ♣✉❜❧✐❝❛(✐♦♥' ✐♥ (♦♣ ❥♦✉$♥❛❧' ✐♥❝$❡❛'❡ ❢✉(✉$❡
'❛❧❛$✐❡'✳
✶✶
❛♥❞ ❩❤✉✱ ✷✵✶✷❀ ❆♥♥❛❧✐♥❣❛♠ ❡1 ❛❧✳✱ ✷✵✶✹✮✳ ❚❤✉6✱ ✇✐6❤✐♥❣ 1♦ ✐♥❝:❡❛6❡ 1❤❡ ✈✐6✐❜✐❧✐1② ♦❢
1❤❡✐: :❡6❡❛:❝❤✱ 6❝✐❡♥1✐616 ❛✐♠ ❢♦: ❤✐❣❤✲✐♠♣❛❝1 ❥♦✉:♥❛❧6✳ ■♥ ❛♥1✐❝✐♣❛1✐♦♥ ♦❢ 1❤❡ ❥♦✉:♥❛❧6✬
♣♦1❡♥1✐❛❧ ♣:❡❢❡:❡♥❝❡ ❢♦: ♣♦6✐1✐✈❡ ❛♥❞ 6✐❣♥✐✜❝❛♥1 :❡6✉❧16✱ :❡6❡❛:❝❤❡:6 ♠❛② 1❤❡♥✱ ✜:61✱
:❡❢:❛✐♥ ❢:♦♠ 6✉❜♠✐11✐♥❣ ♠❛♥✉6❝:✐♣16 1❤❛1 :❡♣♦:1 ♥❡❣❛1✐✈❡ ♦: ✐♥6✐❣♥✐✜❝❛♥1 ❡✛❡❝16❀
♦: 6❡❝♦♥❞✱ 1❤❡② ♠✐❣❤1 ♠❛♥✐♣✉❧❛1❡ 1❤❡✐: ❞❛1❛ ♦: :❡6✉❧16 ✐♥ ♦:❞❡: 1♦ ❣❡1 ♣✉❜❧✐6❤❡❞✳
❚❤❡ ❢♦:♠❡: ✐6 ❦♥♦✇♥ ❛6 1❤❡ ✜❧❡✲❞%❛✇❡% ❡✛❡❝1 ✭❚✉:♥❡: ❡1 ❛❧✳✱ ✷✵✵✽❀ ❋:❛♥❝♦ ❡1 ❛❧✳✱
✷✵✶✹❀ ▲❛♥❡ ❡1 ❛❧✳✱ ✷✵✶✻✮✳ ❚❤✐6 ✐6 ♣❛:1✐❝✉❧❛:❧② ❡✈✐❞❡♥1 ✐♥ 1❤❡ 61✉❞② ❜② ❋:❛♥❝♦ ❡1 ❛❧✳
✭✷✵✶✹✮✳ ❚❤❡② 1:❛❝❡❞ ✷✷✶ ❚❊❙❙✲♣:❡:❡❣✐61❡:❡❞
✼
61✉❞✐❡6✱ 6❤♦✇✐♥❣ 1❤❛1 ❛❜♦✉1 ✻✷✪ ♦❢
61✉❞✐❡6 ✇✐1❤ 61:♦♥❣✱ 6✐❣♥✐✜❝❛♥1 :❡6✉❧16 ✇❡:❡ 6✉❝❝❡66❢✉❧❧② 6✉❜♠✐11❡❞ ❢♦: ♣✉❜❧✐❝❛1✐♦♥✱
✇❤❡:❡❛6 1❤✐6 ✇❛6 1:✉❡ ❢♦: ♦♥❧② ✷✶✪ ♦❢ 61✉❞✐❡6 :❡♣♦:1✐♥❣ ♥♦♥✲6✐❣♥✐✜❝❛♥1 :❡6✉❧16✳ ❚❤❡
♠❛❥♦:✐1② ✭✻✺✪✮ ♦❢ 61✉❞✐❡6 ✇✐1❤ ♥♦♥✲6✐❣♥✐✜❝❛♥1 :❡6✉❧16 ✇❡:❡ ♥♦1 ❡✈❡♥ ✇:✐11❡♥ ❞♦✇♥
❜② 1❤❡ :❡6❡❛:❝❤❡:6✱ ✇❤✐❝❤ ✐♥❞✐❝❛1❡6 1❤❛1 1❤✐6 ♠❡❝❤❛♥✐6♠ ❝♦✉❧❞ ♣❧❛② ❛ ❦❡② :♦❧❡ ❢♦:
❡①♣❧❛✐♥✐♥❣ ♣✉❜❧✐❝❛1✐♦♥ ❜✐❛6✳
▼❛♥✐♣✉❧❛-✐♦♥ ♦❢ ❞❛1❛ ♦: :❡6✉❧16✱ ❤♦✇❡✈❡:✱ ❝❛♥ ♠❛♥✐❢❡61 ✐16❡❧❢ ✐♥ ❛ ✈❛:✐❡1② ♦❢ ❢♦:♠6✿
✉♥❥✉61✐✜❡❞ :❡61:✐❝1✐♦♥6 1♦ ❝❡:1❛✐♥ ♠♦❞❡❧ ♦: 6✉❜❣:♦✉♣ 6♣❡❝✐✜❝❛1✐♦♥6 ✭●❡:❜❡: ❛♥❞
▼❛❧❤♦1:❛✱ ✷✵✵✽❛✮❀ 6❛♠♣❧✐♥❣ ✉♥1✐❧ 61❛1✐61✐❝❛❧ 6✐❣♥✐✜❝❛♥❝❡ ✐6 ❛❝❤✐❡✈❡❞ ✭❙✐♠♦♥6♦❤♥
❡1 ❛❧✳✱ ✷✵✶✹✮❀ ❤❛:❦✐♥❣ ✭❛♥ ❛❝:♦♥②♠ ❢♦: ✏❤②♣♦1❤❡6✐6 ❛❢1❡: :❡6✉❧16 ❛:❡ ❦♥♦✇♥✑✱ 6❡❡ ❑❡::
✭✶✾✾✽✮✮✱ ♦: ❡✈❡♥ ♦✉1:✐❣❤1 ❞❛1❛ ❢❛❜:✐❝❛1✐♦♥✳ ❊✈❡♥ 1❤♦✉❣❤ X✉❡61✐♦♥❛❜❧❡ :❡6❡❛:❝❤ ♣:❛❝✲
1✐❝❡6 ❛6 ✇❡❧❧ ❛6 6❝✐❡♥1✐✜❝ ♠✐6❝♦♥❞✉❝1 ❝❛♥ ❤❛✈❡ 6❡✈❡:❡ ♥❡❣❛1✐✈❡ ❝♦♥6❡X✉❡♥❝❡6 ✇❤❡♥
❞✐6❝♦✈❡:❡❞✱ ✉♥❝♦✈❡:❡❞ ❝❛6❡6 ♦❢ ♠✐6❜❡❤❛✈✐♦: :❡♣❡❛1❡❞❧② ❞❡♠♦♥61:❛1❡ 1❤❛1 :❡6❡❛:❝❤❡:6
♥❡✈❡:1❤❡❧❡66 ❞❡❝✐❞❡ 1♦ ❧❡❛✈❡ 1❤❡ ♣❛1❤ ♦❢ ✈✐:1✉❡✳ ■♥ 1❤❡ 6♣✐:✐1 ♦❢ ▼❡:1♦♥ ✭✶✾✸✽❜✮✱ 1❤❡6❡
❞❡❝✐6✐♦♥6 ❝❛♥ ❜❡ 1❤❡ :❡6✉❧1 ♦❢ ❛ 61❛1❡ ♦❢ ❛♥♦♠✐❡✳ ❆♥♦♠✐❡ ❛:✐6❡6 ❢:♦♠ 1❤❡ ❞✐6❝:❡♣❛♥❝②
❜❡1✇❡❡♥ 6♦❝✐❡1❛❧ ❣♦❛❧6 ❛♥❞ 1❤❡ ❛✈❛✐❧❛❜✐❧✐1② ♦❢ ❧❡❣✐1✐♠❛1❡ ✇❛②6 1♦ :❡❛❝❤ 1❤❡♠✳ ■♥
1❤❡ 6❝✐❡♥1✐✜❝ ❝♦♥1❡①1✱ :❡6❡❛:❝❤❡:6 ✐♥❝:❡❛6✐♥❣❧② ❝♦♠♣❡1❡ ❢♦: :❡6❡❛:❝❤ ❢✉♥❞6✱ ❛❝❛❞❡♠✐❝
♣♦6✐1✐♦♥6✱ ❛♥❞ ♣✉❜❧✐❝❛1✐♦♥6 ✐♥ 1♦♣ ❥♦✉:♥❛❧6✳ ❨❡1✱ 1❤❡✐: ❛❧❧♦❝❛1✐♦♥ ❞♦❡6 ♥♦1 ❛❧✇❛②6
❢♦❧❧♦✇ ♠❡:✐1♦❝:❛1✐❝ ♣:✐♥❝✐♣❧❡6✳ ❋♦: ✐♥61❛♥❝❡✱ 1❤❡ ▼❛11❤❡✇ ❡✛❡❝1 ❝❛♥ ✉♥❞❡:♠✐♥❡ 1❤❡
❛❧❧♦❝❛1✐♦♥ ♦❢ :❡❝♦❣♥✐1✐♦♥ ❜❛6❡❞ ♦♥ ♣❡:❢♦:♠❛♥❝❡ ✭▼❡:1♦♥✱ ✶✾✻✽✮✳ ❘❡6❡❛:❝❤❡:6 ♠❛②
1❤❡:❡❢♦:❡ :❡❛❝❤ ❛ ♣♦✐♥1 ✐♥ 1❤❡✐: ❛❝❛❞❡♠✐❝ ❝❛:❡❡: ✇❤❡:❡ 1❤❡② ❢❡❡❧ 1❤❛1 ❢♦❧❧♦✇✐♥❣ 1❤❡
/❝✐❡♥-✐✜❝ ♠❡-❤♦❞ ✇✐❧❧ ♥♦1 ❜❡ ❛♣♣:♦♣:✐❛1❡❧② :❡✇❛:❞❡❞✳ ❚❤❡ 61❛1❡ ♦❢ ❛♥♦♠✐❡✱ ❞❡6❝:✐❜❡❞
❛❜♦✈❡✱ ❡♠❡:❣❡6✱ ❛♥❞ X✉❡61✐♦♥❛❜❧❡ :❡6❡❛:❝❤ ♣:❛❝1✐❝❡6 ♦: ❡✈❡♥ 6❡✈❡:❡ ♠✐6❝♦♥❞✉❝1 ✇✐❧❧
:❡♣❧❛❝❡ ❧❡❣✐1✐♠❛1❡ ♠❡1❤♦❞6✳
❆❧❧ ♠❡❝❤❛♥✐6♠6 ❞✐6❝✉66❡❞ ❛❜♦✈❡ ✕ 6❡❧❡❝1✐♦♥ ♦❢ 6✐❣♥✐✜❝❛♥1 :❡6✉❧16 ❜② ❡❞✐1♦:6✱ ❛♥❞
✇✐1❤❤♦❧❞✐♥❣ ♦: ♠❛♥✐♣✉❧❛1✐♥❣ ✐♥6✐❣♥✐✜❝❛♥1 ❞❛1❛ ♦: :❡6✉❧16 ❜② :❡6❡❛:❝❤❡:6 ✕ ❜✐❛6 1❤❡
♣✉❜❧✐6❤❡❞ 6❝✐❡♥1✐✜❝ ❧✐1❡:❛1✉:❡ ❜② ♦✈❡:❧② 6✐❣♥✐✜❝❛♥1 ❛♥❞ ❤②♣♦1❤❡6✐6✲❝♦♥✜:♠✐♥❣ :❡✲
6✉❧16✱ ❝:❡❛1✐♥❣ 1❤❡ 6♦✲❝❛❧❧❡❞ ♣✉❜❧✐❝❛1✐♦♥ ❜✐❛6✳ ]✉❜❧✐❝❛1✐♦♥ ❜✐❛6✱ ❤❡♥❝❡✱ ✐6 ♥♦1 ❛ ❞❡❝✐✲
6✐♦♥ 1❛❦❡♥ ❜② ❛♥② 6✐♥❣❧❡ :❡6❡❛:❝❤❡:✳ ❘❛1❤❡:✱ ✐1 ✐6 1❤❡ ❛❣❣:❡❣❛1❡✲❧❡✈❡❧ ❝♦♥6❡X✉❡♥❝❡ ♦❢
✼✳ ❚❊❙❙ ❂ ❚✐♠❡✲*❤❛-✐♥❣ ❊①♣❡-✐♠❡♥2* ✐♥ 2❤❡ ❙♦❝✐❛❧ ❙❝✐❡♥❝❡*✳
✶✷
♠②"✐❛❞& ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❞❡❝✐&✐♦♥& /❛❦❡♥ ❜② ❤✐❡"❛"❝❤✐❝❛❧❧② ✐♥/❡"❞❡♣❡♥❞❡♥/ ❛❣❡♥/& ✭❇❡"♥✲
✐♥❣ ❛♥❞ ❲❡✐9✱ ✷✵✶✻✮✳ ❚❤✐& ♣❡"&♣❡❝/✐✈❡ ❢♦❧❧♦✇& ✐♥ /❤❡ ❢♦♦/&/❡♣& ♦❢ /❤❡ ♠✐❝"♦✲♠❛❝"♦
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❝♦♥ 2✐❜✉ ✐♦♥ ❛♥❞  ❤❡ ♣✉❜❧✐❝❛ ✐♦♥ ❧✐❦❡❧✐❤♦♦❞ ♦❢ ❛ ❤②♣♦ ❤❡ ✐❝❛❧ $ ✉❞② ❢♦2 ✇❤✐❝❤ $❛♠♣❧❡
$✐③❡ ❛♥❞ $✐❣♥✐✜❝❛♥❝❡ ♦❢  ❤❡ ❦❡② 2❡$✉❧ $ ❛2❡ ✈❛2✐❡❞✱ ✉$✐♥❣ ❛ ?✉❛$✐✲✈✐❣♥❡  ❡ ❞❡$✐❣♥✳ ■♥
❛❞❞✐ ✐♦♥✱  ❤❡ $✉2✈❡② ✐♥❝❧✉❞❡$ $❡✈❡2❛❧ ?✉❡$ ✐♦♥$ ♦♥ $❝✐❡♥ ✐✜❝ ♠✐$❝♦♥❞✉❝ ✱ ✉$✐♥❣ ❞✐2❡❝ 
?✉❡$ ✐♦♥✐♥❣✱ ■❈❚ ?✉❡$ ✐♦♥✐♥❣✱ ♦2 ❈▼ ?✉❡$ ✐♦♥✐♥❣✱ ❛❜♦✉ ♦✇♥ ♠✐$❝♦♥❞✉❝ ✱ 2❡✢❡❝ ✐♥❣
$♦♠❡ ♦❢  ❤❡ ❧❡$$♦♥$ ❧❡❛2♥❡❞ ❢2♦♠  ❤❡ ♠❡ ❤♦❞♦❧♦❣✐❝❛❧ ❛2 ✐❝❧❡$ ✐♥  ❤✐$ ❞✐$$❡2 ❛ ✐♦♥✳
✽✳ ❚❤✐% %✉'✈❡② ✐% ♣❛'- ♦❢ -❤❡ ❙◆❙❋ ❙-❛'-✐♥❣ ●'❛♥- ❇❙❙✲●■❖ ✶✺✺✾✽✶ ♦❢ ❍❡✐❦♦
❘❛✉❤✉- ✭✏❙♦❝✐❛❧ ♥♦'♠%✱ ❝♦♦♣❡'❛-✐♦♥ ❛♥❞ ❝♦♥✢✐❝- ✐♥ %❝✐❡♥-✐❝ ❝♦❧❧❛❜♦'❛-✐♦♥%✑✮✳ ❚❤❡ ❣'❛♥-
♣'♦♣♦%❛❧ ❝❛♥ ❜❡ ❛❝❝❡%%❡❞ ✈✐❛✿ ❤--♣%✿✴✴✇✇✇✳%✉③✳✉③❤✳❝❤✴❞❛♠✴❥❝'✿✻❢❡✽❜✾✵✼✲✸✶✶✶✲✹✺✺✶✲✽✵❛❢✲
✼✺✻✼✽✽❡✷✽❜✾✵✴❘❛✉❤✉-❴❙-●❴◆♦'♠%❈♦♦♣❡'❛-✐♦♥❈♦♥✐❝-❴❧♦♥❣✳♣❞❢
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✶✳✺ ❙$❛$❡♠❡♥$ ♦❢ ❝♦♥$,✐❜✉$✐♦♥0
❚❤✐# #❡❝&✐♦♥ #❤❛❧❧ ♣,♦✈✐❞❡ ❛♥ ♦,✐❡♥&❛&✐♦♥ ❛❜♦✉& &❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝♦♥&,✐❜✉&✐♦♥# ♦❢ &❤❡
❛✉&❤♦, ♦❢ &❤❡ ❞✐##❡,&❛&✐♦♥ ♣,♦❥❡❝& ❛♥❞ &❤❡ ❝♦♥&,✐❜✉&✐♦♥# ♦❢ &❤❡ ❝♦✲❛✉&❤♦,# &♦ &❤❡ ❢♦✉,
#&✉❞✐❡#✳ ❚❤❡ ,❡#♣❡❝&✐✈❡ #&❛&❡♠❡♥&# ❝♦,,❡#♣♦♥❞ &♦ &❤❡ ❢♦,♠✉❧❛&✐♦♥# ✐♥ &❤❡ ♣✉❜❧✐#❤❡❞
♦, #✉❜♠✐&&❡❞ ♠❛♥✉#❝,✐♣&#✳
✾
❉✐✛❡,❡♥❝❡# ❜❡&✇❡❡♥ ❝❛&❡❣♦,✐③❛&✐♦♥ ❛♥❞ ❢♦,♠❛&&✐♥❣ ❛,❡
❞✉❡ &♦ ❞✐✛❡,❡♥& ,❡;✉✐,❡♠❡♥&# ❜② &❤❡ ❥♦✉,♥❛❧# ❛♥❞ ❛,❡ ♥♦& ✐♥&❡♥❞❡❞ ❜② &❤❡ ❛✉&❤♦, ♦❢
&❤✐# ❞✐##❡,&❛&✐♦♥ ♣,♦❥❡❝&✳
❙!✉❞② ✶✳ ✭✜!"#✲❛✉#❤♦!"❤✐♣✮
❘♦❧❡ ❏✉❧✐❛ ❏❡,❦❡✿ ❈♦♥❝❡♣&✉❛❧✐③❛&✐♦♥✱ ❉❛&❛ ❈✉,❛&✐♦♥✱ ❋♦,♠❛❧ ❆♥❛❧②#✐#✱ ■♥✈❡#&✐❣❛&✐♦♥✱
▼❡&❤♦❞♦❧♦❣②✱ ❙♦❢&✇❛,❡✱ ❱✐#✉❛❧✐③❛&✐♦♥✱ ❲,✐&✐♥❣✳ ❘♦❧❡ ❆♥❞,❡❛# ❉✐❡❦♠❛♥♥✿ ❈♦♥❝❡♣&✉✲
❛❧✐③❛&✐♦♥✱ ❋✉♥❞✐♥❣ ❆❝;✉✐#✐&✐♦♥✱ ❙✉♣❡,✈✐#✐♦♥✳ ❘♦❧❡ ❍❡✐❦♦ ❘❛✉❤✉&✿ ❈♦♥❝❡♣&✉❛❧✐③❛&✐♦♥✱
❋✉♥❞✐♥❣ ❆❝;✉✐#✐&✐♦♥✱ ❙✉♣❡,✈✐#✐♦♥✱ ▼❡&❤♦❞♦❧♦❣②✱ ❱✐#✉❛❧✐③❛&✐♦♥✱ ❲,✐&✐♥❣✳ ❆✉&❤♦, ♦,✲
❞❡,✿ ❏✉❧✐❛ ❏❡,❦❡✱ ❆♥❞,❡❛# ❉✐❡❦♠❛♥♥✱ ❍❡✐❦♦ ❘❛✉❤✉&✱ ✐♥❞✐❝❛&✐♥❣✿ ❏✉❧✐❛ ❏❡,❦❡ ✜,#& ❛♥❞
❧❡❛❞ ❛✉&❤♦,✱ ❍❡✐❦♦ ❘❛✉❤✉& ❧❛#& ❛✉&❤♦, ❛♥❞ N■✳
❙!✉❞② ✷✳ ✭✜!"#✲❛✉#❤♦!"❤✐♣✮
❏✉❧✐❛ ❏❡,❦❡✱ ❆❧❡①❛♥❞❡, ❊❤❧❡,&✱ ❛♥❞ ❍❡✐❦♦ ❘❛✉❤✉& ❞❡#✐❣♥❡❞ ,❡#❡❛,❝❤❀ ❏✉❧✐❛ ❏❡,❦❡
♣❡,❢♦,♠❡❞ ,❡#❡❛,❝❤❀ ❏✉❧✐❛ ❏❡,❦❡ ❛♥❞ ❆❧❡①❛♥❞❡, ❊❤❧❡,& ❛♥❛❧②③❡❞ ❞❛&❛❀ ❛♥❞ ❏✉❧✐❛
❏❡,❦❡✱ ❆❧❡①❛♥❞❡, ❊❤❧❡,&✱ ❛♥❞ ❍❡✐❦♦ ❘❛✉❤✉& ✇,♦&❡ &❤❡ ♣❛♣❡,✳
❙!✉❞② ✸✳ ✭"❤❛!❡❞ ✜!"#✲❛✉#❤♦!"❤✐♣✮
❆✉&❤♦,# ✐♥ ❛❧♣❤❛❜❡&✐❝❛❧ ♦,❞❡,✳ ■❞❡❛✿ ❇❡♥ ❏❛♥♥✱ ❏✉❧✐❛ ❏❡,❦❡✱ ■✈❛, ❑,✉♠♣❛❧✳ ❉❡#✐❣♥✿
❇❡♥ ❏❛♥♥✱ ❏✉❧✐❛ ❏❡,❦❡✱ ■✈❛, ❑,✉♠♣❛❧✳ ❉❛&❛ ❝♦❧❧❡❝&✐♦♥✿ ❇❡♥ ❏❛♥♥✱ ❏✉❧✐❛ ❏❡,❦❡✱ ■✈❛,
❑,✉♠♣❛❧✳ ❉❛&❛ ❛♥❛❧②#✐#✿ ❇❡♥ ❏❛♥♥✱ ❏✉❧✐❛ ❏❡,❦❡✱ ■✈❛, ❑,✉♠♣❛❧✳ ❚❡①&✿ ❇❡♥ ❏❛♥♥✱
❏✉❧✐❛ ❏❡,❦❡✱ ■✈❛, ❑,✉♠♣❛❧✳ ❘❡✈✐#✐♦♥✿ ❇❡♥ ❏❛♥♥✱ ❏✉❧✐❛ ❏❡,❦❡✱ ■✈❛, ❑,✉♠♣❛❧✳
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❆✉&❤♦,# ✐♥ ❛❧♣❤❛❜❡&✐❝❛❧ ♦,❞❡,✳ ■❞❡❛✿ ❉❛✈✐❞ ❏♦❤❛♥♥✳ ❉❡#✐❣♥✿ ❏✉❧✐❛ ❏❡,❦❡✱ ❉❛✈✐❞
❏♦❤❛♥♥✱ ❍❡✐❦♦ ❘❛✉❤✉&✱ ❑❛&❤,✐♥ ❚❤♦♠❛#✳ ■♥&❡,✈✐❡✇#✿ ❏✉❧✐❛ ❏❡,❦❡✱ ❉❛✈✐❞ ❏♦❤❛♥♥✱
❑❛&❤,✐♥ ❚❤♦♠❛#✳ ❈♦❞✐♥❣ ❛♥❞ ❆♥❛❧②#✐#✿ ❏✉❧✐❛ ❏❡,❦❡✱ ❉❛✈✐❞ ❏♦❤❛♥♥✱ ❍❡✐❦♦ ❘❛✉❤✉&✱
❑❛&❤,✐♥ ❚❤♦♠❛#✳ ❚❡①&✿ ❏✉❧✐❛ ❏❡,❦❡✱ ❉❛✈✐❞ ❏♦❤❛♥♥✱ ❍❡✐❦♦ ❘❛✉❤✉&✱ ❑❛&❤,✐♥ ❚❤♦♠❛#✳
❋✐♥❛❧ ❛♣♣,♦✈❛❧ ♦❢ &❤❡ ♣❛♣❡,✿ ❏✉❧✐❛ ❏❡,❦❡✱ ❉❛✈✐❞ ❏♦❤❛♥♥✱ ❍❡✐❦♦ ❘❛✉❤✉&✱ ❑❛&❤,✐♥
❚❤♦♠❛#✳
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+❡✐♥❢♦+❝✐♥❣ ❞②♥❛♠✐❝%✳ ❲❡ ❢✉+.❤❡+ ❝♦♥❝❧✉❞❡ ✇✐.❤ ❛ ❞✐%❝✉%%✐♦♥ ♦❢ ♣♦❧✐❝② ✐♥.❡+✈❡♥.✐♦♥%
❛♥❞ .❤❡✐+ ♣+❡%✉♠❡❞ ✐♠♣❛❝. ✐♥ ❧✐❣❤. ♦❢ ♦✉+ ❡✈✐❞❡♥❝❡✳
✷✳✷ ❙#❛#✐&#✐❝❛❧ ❙✐❣♥✐✜❝❛♥❝❡✱ ▼✐&❝♦♥❝❡♣#✐♦♥& ❛♥❞ 2✉❜✲
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♠✐&✉♥❞❡4&'♦♦❞ ❛♥❞ ❛ '4✐❣❣❡4 ❢♦4 ♣✉❜❧✐❝❛'✐♦♥ ❜✐❛&
R✉❜❧✐❝❛.✐♦♥ ❜✐❛% ❝❛♥ ❜❡ ❞❡%❝+✐❜❡❞ ❛% ❛ ❜✐❛% ✐♥ ❢❛✈♦+ ♦❢ ♣+❡❞♦♠✐♥❛♥.❧② ♣✉❜❧✐%❤✐♥❣
%✐❣♥✐✜❝❛♥.✱ ❤②♣♦.❤❡%✐%✲❝♦♥❢♦+♠✐♥❣ +❡%✉❧.%✳ ■. ❤❛% ❜❡❡♥ %❤♦✇♥ .❤❛. ♠❛♥✉%❝+✐♣.% +❡✲
♣♦+.✐♥❣ ♣♦%✐.✐✈❡ ♦+ %✐❣♥✐✜❝❛♥. +❡%✉❧.% ❤❛✈❡ ❛ ❤✐❣❤❡+ ♣✉❜❧✐❝❛.✐♦♥ ♣+♦❜❛❜✐❧✐.②✱ ✐♥❞❡♣❡♥✲
❞❡♥.❧② ❢+♦♠ .❤❡ ♠❡.❤♦❞♦❧♦❣✐❝❛❧ J✉❛❧✐.② ✭●❡+❜❡+ ❛♥❞ ▼❛❧❤♦.+❛✱ ✷✵✵✽❛✮✳ ■♥ ♣❛+.✐❝✉❧❛+
.❤✐% ❝❛♥ ✐♠♣❧② .❤❛. ❛ ♣❛♣❡+ +❡♣♦+.✐♥❣ %✐❣♥✐✜❝❛♥. ❡%.✐♠❛.❡% ✐% ♣✉❜❧✐%❤❡❞✱ ✇❤❡+❡❛% ❛
♣❛♣❡+ ♦❢ ❡J✉❛❧ .❤❡♦+❡.✐❝❛❧✱ ❝♦♥❝❡♣.✉❛❧ ❛♥❞ ♠❡.❤♦❞♦❧♦❣✐❝❛❧ J✉❛❧✐.② ✇✐.❤ ✐♥%✐❣♥✐✜❝❛♥.
+❡%✉❧.% ✐% +❡❥❡❝.❡❞ ♦+ ♥♦. ❡✈❡♥ %✉❜♠✐..❡❞✳ ❉❡%♣✐.❡ ❛ ✇✐❞❡ +❛♥❣❡ ♦❢ ❞❡✜♥✐.✐♦♥% ❛♥❞
♣❡+%♣❡❝.✐✈❡% ❢♦+♠✉❧❛.❡❞ ❜② ❞✐✛❡+❡♥. ❛✉.❤♦+%✱ .❤❡② ❧❛+❣❡❧② ❛❣+❡❡ .❤❛. .❤❡ ♣✉❜❧✐%❤❡❞
❧✐.❡+❛.✉+❡ ♠❛② ♥♦. ❜❡ +❡♣+❡%❡♥.❛.✐✈❡ ❢♦+ .❤❡ ✉♥✐✈❡+%❡ ♦❢ ♣❡+❢♦+♠❡❞ +❡%❡❛+❝❤✱ ❝+❡❛.✐♥❣
❛ ♥♦♥✲+❡♣+❡%❡♥.❛.✐✈❡ ❛❝❝✉♠✉❧❛.✐♦♥ ♦❢ %✐❣♥✐✜❝❛♥. +❡%✉❧.% ✐♥ .❤❡ ♣✉❜❧✐%❤❡❞ %.❛.❡ ♦❢ .❤❡
❛+.✳
R✉❜❧✐❝❛.✐♦♥ ❜✐❛% ❝❛♥ ❤❛✈❡ ❛ ♥✉♠❜❡+ ♦❢ ❞✐✛❡+❡♥. ❝❛✉%❡% ✭●❡+❜❡+ ❛♥❞ ▼❛❧❤♦.+❛✱
✷✵✵✽❛✮✳ ❋✐+%.✱ ❡❞✐.♦+% ❛♥❞ +❡✈✐❡✇❡+% ♠❛② ❢❛✈♦+ ♣❛♣❡+% +❡♣♦+.✐♥❣ %✐❣♥✐✜❝❛♥. +❡%✉❧.%✳
✷✽
❙❡❝♦♥❞✱ ❛♥(✐❝✐♣❛(✐♥❣ (❤❛( -✐❣♥✐✜❝❛♥( /❡-✉❧(- ❤❛✈❡ ❛ ❤✐❣❤❡/ ❝❤❛♥❝❡ ♦❢ ❜❡✐♥❣ ❛❝❝❡♣(❡❞
❢♦/ ♣✉❜❧✐❝❛(✐♦♥✱ /❡-❡❛/❝❤❡/- ♠❛② ✇✐(❤❤♦❧❞ -(✉❞✐❡- (❤❛( ❢❛✐❧ (♦ /❡❥❡❝( (❤❡ ♥✉❧❧ ❤②✲
♣♦(❤❡-✐- ❛♥❞ ♣✉( (❤❡♠ ✐♥ (❤❡ ✜❧❡ ❞$❛✇❡$✳ ❚❤✐/❞✱ /❡-❡❛/❝❤❡/- ♠❛② ❡♥❣❛❣❡ ✐♥ ❛❝(✉❛❧
♠❛♥✐♣✉❧❛(✐♦♥ ♦❢ (❡-( /❡-✉❧(- ❜② /✉♥♥✐♥❣ ✈❛/✐♦✉- ♠♦❞❡❧ -❡❧❡❝(✐♦♥- ✐♥ ♦/❞❡/ (♦ ❛❝❤✐❡✈❡
-(❛(✐-(✐❝❛❧ -✐❣♥✐✜❝❛♥❝❡ ♦/ ❡✈❡♥ ❜② (/✐♠♠✐♥❣ ❞❛(❛✱ ❡✳❣✳ ❜② ✬❣♦❛❧✲♦/✐❡♥(❡❞✬ ♦✉(❧✐❡/ (/❡❛(✲
♠❡♥(-✱ ♠✐--✐♥❣ ❞❛(❛ (/❡❛(♠❡♥(-✱ ✈❛/✐❛❜❧❡ /❡❝♦❞✐♥❣-✱ ❡①❝❧✉❞✐♥❣ ♦/ ✐♥❝❧✉❞✐♥❣ ❝♦✈❛/✐❛(❡-
✐♥ (❤❡ -♣❡❝✐✜❡❞ ❡>✉❛(✐♦♥✱ ❛♥❛❧②③✐♥❣ -✉❜✲❣/♦✉♣- ♦/ ❜② ♦✉(/✐❣❤( ❞❛(❛ ❢❛❜/✐❝❛(✐♦♥✳
❋♦/ ❛ ❜❡((❡/ ✉♥❞❡/-(❛♥❞✐♥❣ ♦❢ ♣✉❜❧✐❝❛(✐♦♥ ❜✐❛-✱ ✇❡ ❜/✐❡✢② ♦✉(❧✐♥❡ (❤❡ ❧♦❣✐❝ ♦❢ ♥✉❧❧
❤②♣♦(❤❡-✐- (❡-(✐♥❣ ❛♥❞ -(❛(✐-(✐❝❛❧ -✐❣♥✐✜❝❛♥❝❡✳ ❚❤❡ ❝♦♥❝❡♣( ♦❢ -(❛(✐-(✐❝❛❧ -✐❣♥✐✜✲
❝❛♥❝❡✱ ✐♥(/♦❞✉❝❡❞ ❛♠♦♥❣ ♦(❤❡/- ❜② ❑❛/❧ C❡❛/-♦♥ ❛♥❞ ❘♦♥❛❧❞ ❆✳ ❋✐-❤❡/ ❛/♦✉♥❞ ✶✾✵✵
✭❈♦✇❧❡- ❛♥❞ ❉❛✈✐-✱ ✶✾✽✷✮✱ ✇❛- ♠❡❛♥( (♦ ❞✐-(✐♥❣✉✐-❤✐♥❣ ❜❡(✇❡❡♥ ♠❡❛♥✐♥❣❢✉❧ /❡-✉❧(-
❛♥❞ /❡-✉❧(- ♦❜(❛✐♥❡❞ ❜② ❝❤❛♥❝❡✱ (❤✉- ❡♥❛❜❧✐♥❣ /❡-❡❛/❝❤❡/- (♦ /❡❥❡❝( ❤②♣♦(❤❡-❡- ♦♥
(❤❡ ❜❛-✐- ♦❢ ❝♦♥(/❛❞✐❝(✐♥❣ ❞❛(❛ ✭❋✐-❤❡/✱ ✶✾✸✺✮✳ ❚❤❡ ❧♦❣✐❝ ♦❢ ♥✉❧❧ ❤②♣♦(❤❡-✐- (❡-(✐♥❣
❝❛♥✱ (❤❡/❡❢♦/❡✱ ❜❡ ❝♦♠♣❛/❡❞ (♦ ♣/♦♦❢- ❜② ❝♦♥(/❛❞✐❝(✐♦♥ ❛- ✐♥ ♠❛(❤❡♠❛(✐❝- ✇✐(❤ (❤❡
❞✐✛❡/❡♥❝❡ ♦❢ ❛ ♣/♦❜❛❜✐❧✐-(✐❝ ❡❧❡♠❡♥(✿ ❛--✉♠✐♥❣ (❤❛( (❤❡ ♥✉❧❧ ❤②♣♦(❤❡-✐- ✐- (/✉❡✱ ❤♦✇
❧✐❦❡❧② ✐- (❤❡ ♦✉(❝♦♠❡ (❤❛( ✇❡ ♦❜-❡/✈❡ ♦/ ❛♥ ❡✈❡♥ ♠♦/❡ ❡①(/❡♠❡ ♦✉(❝♦♠❡❄ ■❢ ✐( ✐-
✉♥❧✐❦❡❧② ❡♥♦✉❣❤ ✇❡ ❝♦♥❝❧✉❞❡ (❤❛( (❤❡ ❛--✉♠♣(✐♦♥ (❤❛( ✇❡ ✐♥✐(✐❛❧❧② -(❛/(❡❞ ✇✐(❤✱ (❤❡
♥✉❧❧ ❤②♣♦(❤❡-✐-✱ ♠❛② ♥♦( ❜❡ ❝♦//❡❝(✱ (❤❡/❡❜② ❛❝❝❡♣(✐♥❣ ✐(- ♥❡❣❛(✐♦♥✱ (❤❡ ❛❧(❡/♥❛(✐✈❡
❤②♣♦(❤❡-✐-✳ ❍♦✇❡✈❡/✱ ✐( ❤❛- (♦ ❜❡ ❦❡♣( ✐♥ ♠✐♥❞ (❤❛( (❤❡-❡- ❝♦♥-✐❞❡/❛(✐♦♥- ❛/❡ ❛❧✇❛②-
-✉❜❥❡❝( (♦ ♣/♦❜❛❜✐❧✐(②✳ ■♥ ♠♦-( ❝❛-❡- /❡-❡❛/❝❤❡/- ❛✐♠ (♦ /❡❥❡❝( (❤❡ ♥✉❧❧ ❤②♣♦(❤❡-✐-
✭❡✳❣✳ ♥♦ ❞✐✛❡/❡♥❝❡✱ ♥♦ ❝♦//❡❧❛(✐♦♥✱ ❡(❝✳✮✱ ✐♠♣❧✐❝✐(❧② ❝♦♥✜/♠✐♥❣ (❤❡ ❢❛✈♦/❡❞ ❛❧(❡/♥❛✲
(✐✈❡ ❤②♣♦(❤❡-✐-✳ ❚❤❡/❡❢♦/❡✱ (❤❡ ♣/♦❜❛❜✐❧✐(② ♦❢ (❤❡ ♦❜-❡/✈❡❞ ♦✉(❝♦♠❡ ♦/ ❛♥ ❡✈❡♥ ♠♦/❡
❡①(/❡♠❡ ♦✉(❝♦♠❡ ✐- ❝❛❧❝✉❧❛(❡❞ ✉♥❞❡/ (❤❡ ❛--✉♠♣(✐♦♥ (❤❛( (❤❡ ♥✉❧❧ ❤②♣♦(❤❡-✐- ✐- ✐♥
❢❛❝( (/✉❡✳ ❚❤✐- ❝♦♥❞✐(✐♦♥❛❧ ♣/♦❜❛❜✐❧✐(② ✐- /❡❢❡//❡❞ (♦ ❛- p ✈❛❧✉❡✳ ■❢ p ✐- ❛❜♦✈❡ ❛
❝❡/(❛✐♥ (❤/❡-❤♦❧❞✱ (❤❡ α✲❧❡✈❡❧✱ ✐( ❝❛♥ ♥♦( ❜❡ /✉❧❡❞ ♦✉( (❤❛( (❤❡ ♦❜-❡/✈❡❞ ❡✛❡❝( ✇❛-
♦❜(❛✐♥❡❞ ❜② ❝❤❛♥❝❡ ❛♥❞ (❤❡ ♥✉❧❧ ❤②♣♦(❤❡-✐- ❝❛♥ ♥♦( ❜❡ /❡❥❡❝(❡❞✳ ■♥ ❝♦♥(/❛-(✱ ✐❢ p
✐- ❜❡❧♦✇ (❤❡ α ❧❡✈❡❧ (❤❡ ♥✉❧❧ ❤②♣♦(❤❡-✐- ✐- ❞✐-❝❛/❞❡❞ ❛♥❞ (❤❡ ❛❧(❡/♥❛(✐✈❡ ❤②♣♦(❤❡-✐-
❛❝❝❡♣(❡❞✳ ❚②♣✐❝❛❧❧②✱ /❡-❡❛/❝❤❡/- ❝❤♦♦-❡ α (♦ ❜❡ ✶✵✪✱ ✺✪ ♦/ ✶✪✳ ❊✈❡♥ (❤♦✉❣❤ (❤❡-❡-
✈❛❧✉❡- -❡❡♠ (♦ ✐♠♣❧② ❛ ❝❡/(❛✐♥ ♣/❡❝✐-✐♦♥ ♦/ ❛❝❝✉/❛❝②✱ (❤❡② ❛/❡ ✐♥ ❢❛❝( ❝♦♥✈❡♥(✐♦♥-
(❤❛( ❤✐-(♦/✐❝❛❧❧② ❡✈♦❧✈❡❞ ❛♥❞ (❤❡ -❝✐❡♥(✐✜❝ ❝♦♠♠✉♥✐(② ❤❛- ❛❣/❡❡❞ ♦♥ ✭❈♦✇❧❡- ❛♥❞
❉❛✈✐-✱ ✶✾✽✷✮✳ ◆❡✈❡/(❤❡❧❡--✱ ❢/♦♠ ❛ ♠❛(❤❡♠❛(✐❝❛❧ ♣❡/-♣❡❝(✐✈❡ (❤❡② ❛/❡ ❛/❜✐(/❛/②❀ ❛
✈❛❧✉❡ ♦❢ α = 5% ❞♦❡- ♥♦( ❤❛✈❡ ✈❛-(❧② ❞✐✛❡/❡♥( ✐♠♣❧✐❝❛(✐♦♥- ❝♦♠♣❛/❡❞ (♦ ❛ ✈❛❧✉❡ ♦❢
α = 5.5% ♦/ α = 4.5%✳
❚❤❡ ❝♦♥❝❡♣( ♦❢ -(❛(✐-(✐❝❛❧ -✐❣♥✐✜❝❛♥❝❡ ✐- ♦❢(❡♥ ♠✐-✉♥❞❡/-(♦♦❞✳ ❊✈❡♥ (❤♦✉❣❤ ❋✐-❤❡/
✭✶✾✸✺✮
✹
❛❧/❡❛❞② /❡❝♦❣♥✐③❡❞ (❤❡ /✐-❦ ♦❢ ♠✐-✐♥(❡/♣/❡(❛(✐♦♥-✱ ✐( ✐- ♥♦✇❛❞❛②- ♦❢(❡♥ ♠✐-✲
✹✳ ❋✐$❤❡' ✭✶✾✸✺✱ ♣✳ ✹✼✹✮✿ ✏■4 ✇♦✉❧❞✱ 4❤❡'❡❢♦'❡✱ ❛❞❞ ❣'❡❛4❧② 4♦ 4❤❡ ❝❧❛'✐4② ✇✐4❤ ✇❤✐❝❤ 4❤❡ 4❡$4$
♦❢ $✐❣♥✐✜❝❛♥❝❡ ❛'❡ '❡❣❛'❞❡❞ ✐❢ ✐4 ✇❡'❡ ❣❡♥❡'❛❧❧② ✉♥❞❡'$4♦♦❞ 4❤❛4 4❡$4$ ♦❢ $✐❣♥✐✜❝❛♥❝❡✱ ✇❤❡♥ ✉$❡❞
✷✾
 ❛❦❡♥❧② '❡❣❛'❞❡❞ ❛* ❛♥ ✐♥❞✐❝❛ ♦' ♦❢ ✇❤❡ ❤❡' ❛  ❤❡♦'② ♦' ❤②♣♦ ❤❡*✐* ✐*  '✉❡ ♦' ❢❛❧*❡
✭●'❡❡♥❧❛♥❞ ❡ ❛❧✳✱ ✷✵✶✻✮✳ ❚❤❡ ❝♦♠♠♦♥ ♠✐*✐♥ ❡'♣'❡ ❛ ✐♦♥ ♦❢  ❤❡ ❝♦♥❝❡♣ ♦❢ * ❛ ✐*✲
 ✐❝❛❧ *✐❣♥✐✜❝❛♥❝❡ ✐*  '✐❣❣❡'❡❞ ❜② ❛ ❝♦♠♠♦♥ ♠✐*❝♦♥❝❡♣ ✐♦♥ ✭●'❡❡♥❧❛♥❞ ❡ ❛❧✳✱ ✷✵✶✻✮✿
♥♦ ❜❡✐♥❣ ❛❜❧❡  ♦ '❡❥❡❝  ❤❡ ♥✉❧❧ ❤②♣♦ ❤❡*✐* ❞♦❡* ♥♦ ✐♠♣❧② ✐ * ❝♦♥✜'♠❛ ✐♦♥ ❛♥❞ ✐ 
♣❛' ✐❝✉❧❛'❧② ❞♦❡* ♥♦ ❥✉* ✐❢② ❛♥② ❝♦♥❝❧✉*✐♦♥* ❛❜♦✉  ❤❡ ❛❧ ❡'♥❛ ✐✈❡ ❤②♣♦ ❤❡*✐*✳ ❚❤❡
*❛♠❡ ❛♣♣❧✐❡* ✐❢  ❤❡ ♥✉❧❧ ❤②♣♦ ❤❡*✐* ✐* '❡❥❡❝ ❡❞❀ ✐ ❞♦❡* ♥♦ ❢♦❧❧♦✇  ❤❛  ❤❡ ❛❧ ❡'♥❛✲
 ✐✈❡ ❤②♣♦ ❤❡*✐* ✐*  !✉❡✳ ❚❤✐* ♠✐*❝♦♥❝❡♣ ✐♦♥ ✐* ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❛♥♦ ❤❡' ✇✐❞❡*♣'❡❛❞
✇'♦♥❣ ❜❡❧✐❡❢✿ '❡*✉❧ *  ❤❛ ❞♦ ♥♦ ❝♦♥✜'♠  ❤❡ ❛❧ ❡'♥❛ ✐✈❡ ❤②♣♦ ❤❡*✐* ❛'❡ ❧❡** ✈❛❧✉❛❜❧❡
❢♦' *❝✐❡♥ ✐✜❝ ♣'♦❣'❡** ❛*  ❤❡② ❞♦ ♥♦ ❡* ❛❜❧✐*❤ ♥❡✇ ✏ '✉ ❤*✑✳ ❚❤✐* ♠✐*❝♦♥❝❡♣ ✐♦♥
❝♦♥❢✉*❡* *✐❣♥✐✜❝❛♥❝❡ ❛♥❞ ✐♠♣♦' ❛♥❝❡✳
❈'✐ ✐❝✐*♠ ❛❣❛✐♥* * ❛ ✐* ✐❝❛❧ *✐❣♥✐✜❝❛♥❝❡ ❤❛* ❛❧'❡❛❞② ❜❡❡♥ ✈♦✐❝❡❞ ❥✉* ❛❢ ❡'  ❤❡ ❝♦♥✲
❝❡♣ ❤❛* ❣❛✐♥❡❞ ❝✉''❡♥❝②✳ ❋♦' ✐♥* ❛♥❝❡✱ ❙❡❧✈✐♥ ✭✶✾✺✼✮ ✐♥❞✐❝❛ ❡❞  ❤❡ ♣♦**✐❜❧❡  ❤'❡❛ 
❜② ♠✐*✐♥ ❡'♣'❡ ✐♥❣  ❤❡ ❝♦♥❝❡♣ ❛♥❞ ❜② ❝'❡❛ ✐♥❣ ✐♥❝❡♥ ✐✈❡*  ♦ ♠❛♥✐♣✉❧❛ ❡ * ❛ ✐* ✐❝❛❧
❛♥❛❧②*❡*✳ ◆❡✈❡' ❤❡❧❡**✱  ❡* * ♦❢ * ❛ ✐* ✐❝❛❧ *✐❣♥✐✜❝❛♥❝❡ ❣❛✐♥❡❞ ❜'♦❛❞ ❛❝❝❡♣ ❛♥❝❡ ❛♥❞
❛'❡ ♥♦✇ ♣'♦❜❛❜❧② ♦♥❡ ♦❢  ❤❡ ♠♦* ❝♦♠♠♦♥❧② ❛♣♣❧✐❡❞ * ❛♥❞❛'❞* ❢♦' ❥✉❞❣✐♥❣ ❡♠♣✐'✐❝❛❧
'❡*❡❛'❝❤✳
❚❤❡ ♠❡❛♥✇❤✐❧❡ ❤❡❛✈② ✉*❡ ♦❢ *✐❣♥✐✜❝❛♥❝❡  ❡* ✐♥❣ ♠❛② ❤❛✈❡ ❧❡❞  ♦  ❤❡ ♣❤❡♥♦♠❡♥♦♥
♦❢ ♣✉❜❧✐❝❛ ✐♦♥ ❜✐❛* ❛♥❞ ♦ ❤❡' ❢❛'✲'❡❛❝❤✐♥❣✱ ✉♥❡①♣❡❝ ❡❞ ❛♥❞ ♣'❡*✉♠❛❜❧② ✉♥✐♥ ❡♥❞❡❞
❝♦♥*❡O✉❡♥❝❡* ❢♦' ✇❤❛ ✐* ♣✉❜❧✐*❤❡❞ ✐♥ *❝✐❡♥❝❡✳ ■♦❛♥♥✐❞✐* ❡ ❛❧✳ ✭✷✵✶✼✮ '❡✲❡①❛♠✐♥❡❞
✶✺✾ ♠❡ ❛✲❛♥❛❧②*❡* ❢'♦♠ ✈❛'✐♦✉* ❡❝♦♥♦♠✐❝ ❛'❡❛* ❛♥❞ ❞❡♠♦♥* '❛ ❡  ❤❛  ❤❡ * ❛ ✐* ✐❝❛❧
♣♦✇❡' ♦❢  ❤❡ ❛♥❛❧②*❡* ❣❡♥❡'❛❧❧② ❞✐❞ ♥♦ ❡①❝❡❡❞ ✶✽ ♣❡'❝❡♥ ❛♥❞  ❤❛ ✽✵ ♣❡'❝❡♥ ♦❢
 ❤❡ ♠❡ ❛✲❡✛❡❝ * ❛'❡ ♦✈❡'❡* ✐♠❛ ❡❞ ❜② ❛ ❢❛❝ ♦' ♦❢ ❛ ❧❡❛*  ✇♦✳ ❚❤❡② ❛'❣✉❡  ❤❛ 
✉♥❞❡'♣♦✇❡'❡❞ * ✉❞✐❡* ✇✐ ❤ *✐❣♥✐✜❝❛♥ ✜♥❞✐♥❣* ❛'❡ ♦❢ ❡♥ ♠❡'❡❧② '❡♣♦' ✐♥❣ '❛♥❞♦♠
♥♦✐*❡ ♦' ❜✐❛* ✭■♦❛♥♥✐❞✐*✱ ✷✵✵✺❀ ■♦❛♥♥✐❞✐* ❛♥❞ ❚'✐❦❛❧✐♥♦*✱ ✷✵✵✼✮✳ ❚❤✐* ✐* '❡✢❡❝ ❡❞ ✐♥  ❤❡
♦✈❡'❛❧❧ ♣'♦♣♦' ✐♦♥ ♦❢ *✐❣♥✐✜❝❛♥ ✜♥❞✐♥❣* ✐♥  ❤❡ *❝✐❡♥ ✐✜❝ ❧✐ ❡'❛ ✉'❡✳ ❚❤❡ ♠❛❥♦'✐ ②
♦❢ ♣✉❜❧✐*❤❡❞ ✜♥❞✐♥❣* ✐* *✐❣♥✐✜❝❛♥ ❀ ❛ ♣❛  ❡'♥  ❤❛ ❞✐❞ ♥♦ ❝❤❛♥❣❡ ♠✉❝❤ ♦✈❡'  ❤❡
❧❛* ❞❡❝❛❞❡* ❛♥❞  ❤❛ ❝❛♥ ❤❛'❞❧② ❜❡ ❛  '✐❜✉ ❡❞  ♦  ❡* ✐♥❣ ♦♥❧② ♣❧❛✉*✐❜❧❡ ❤②♣♦ ❤❡*❡*
✭❙❛❤♥❡'✱ ✶✾✼✾❀ ❉❡ ▲♦♥❣ ❛♥❞ ▲❛♥❣✱ ✶✾✾✷❀ ❙ ❡'❧✐♥❣ ❡ ❛❧✳✱ ✶✾✾✺❀ ❋❛♥❡❧❧✐✱ ✷✵✶✷✮✳ ❚❤✐*
✐♠♣❧✐❡* ❛♥ ✉♥❞❡'✲'❡♣'❡*❡♥ ❛ ✐♦♥ ♦❢ ♥♦♥✲*✐❣♥✐✜❝❛♥ '❡*✉❧ * ❛* ❛ ❝♦♥*❡O✉❡♥❝❡✳ ❉❡ ▲♦♥❣
❛♥❞ ▲❛♥❣ ✭✶✾✾✷✮ ❡✈❡♥ *✉♣♣♦*❡  ❤❛ ❡❞✐ ♦'* ♦♥❧② ❛❝❝❡♣ ❛' ✐❝❧❡* ✇✐ ❤ ♥♦♥✲*✐❣♥✐✜❝❛♥ 
'❡*✉❧ * ✐❢  ❤❡② '❡❢✉ ❡ ✇❡❧❧✲❡* ❛❜❧✐*❤❡❞ '❡*✉❧ *✳
❍♦✇❡✈❡'✱ ♣✉❜❧✐❝❛ ✐♦♥ ❜✐❛* ❤❛* '❛'❡❧② ❜❡❡♥ ✐♥✈❡* ✐❣❛ ❡❞ ✐♥  ❤❡ ❡❝♦♥♦♠✐❝ ❧✐ ❡'❛ ✉'❡✳
❖♥❡ *✉❝❤ * ✉❞② ✐*  ❤❡ ✐♥✈❡* ✐❣❛ ✐♦♥ ❜② ❇'♦❞❡✉' ❡ ❛❧✳ ✭✷✵✶✻✮✳ ❚❤❡② ❛♥❛❧②③❡❞ ❡♠✲
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❊❝♦♥♦♠✐❝0 ✭◗❏❊✮✳ ❲❡ ❝❤♦#❡ &❤❡ ◗❏❊ ❜❡❝❛✉#❡ ✐& ❜❡❧♦♥❣# &♦ &❤❡ ❡❧✐&❡ ❣"♦✉♣ ♦❢ ❤✐❣❤❧②
"❛♥❦❡❞ &♦♣ ❥♦✉"♥❛❧# ✐♥ ❡❝♦♥♦♠✐❝#✱ &♦❣❡&❤❡" ✇✐&❤ ❥♦✉"♥❛❧# #✉❝❤ ❛# &❤❡ ❆♠❡#✐❝❛♥ ❊❝♦✲
♥♦♠✐❝0 ❘❡✈✐❡✇ ✭❆❊❘✮✱ ❊❝♦♥♦♠❡$#✐❛ ✭❊❈❆✮ ♦" &❤❡ ❏♦✉#♥❛❧ ♦❢ 9♦❧✐$✐❝❛❧ ❊❝♦♥♦♠②
✭❏9❊✮✳
❲❡ ❢♦❝✉# ♦♥ &❤✐# ❣"♦✉♣ ♦❢ ❥♦✉"♥❛❧# ❛# ✇❡ ❡①♣❡❝& &❤❡♠ &♦ ♣✐♦♥❡❡" ❞❡✈❡❧♦♣♠❡♥&# ✐♥
&❤❡ ❡❝♦♥♦♠✐❝ ❧✐&❡"❛&✉"❡✳ ❋✉"&❤❡"✱ &❤❡② ♠❛② ♦❢&❡♥ ❜❡ &❤❡ ✜"#& &❛"❣❡& ❥♦✉"♥❛❧# ✇❤❡"❡
♠❛♥✉#❝"✐♣&# ❛"❡ #✉❜♠✐&&❡❞ ❛♥❞ &❤❡"❡❢♦"❡ #❡"✈❡ ❛# "♦❧❡ ♠♦❞❡❧# ♦❢ ❤♦✇ ❛♥❞ ✇❤❛& &♦
♣✉❜❧✐#❤ ✐♥ ♦♥❡ ❞✐#❝✐♣❧✐♥❡✳ ❋♦" ❡①❛♠♣❧❡✱ "❡❥❡❝&❡❞ ♠❛♥✉#❝"✐♣&# ✇❤✐❝❤ ✇♦✉❧❞ ❤❛✈❡ ✜&
&❤❡ ◗❏❊ ❛♥❞ ❛"❡ "❡❥❡❝&❡❞ ❞✉❡ &♦ &❤❡ ❧♦✇ ❛❝❝❡♣&❛♥❝❡ "❛&❡ ❛"❡ ♦❢&❡♥ #✉❜♠✐&&❡❞ ❡❧#❡✲
✸✷
✇❤❡#❡✱ ♠❛❦✐♥❣ ♠❛♥✉,❝#✐♣/, ✐♥ ◗❏❊ #❡♣#❡,❡♥/❛/✐✈❡ ♦❢ ❛ ❧❛#❣❡# ,❡/ ♦❢ /♦♣ ♠❛♥✉,❝#✐♣/,
✐♥ /❤❡ ✜❡❧❞✳ ❋✉#/❤❡#✱ ✇❡ ❝♦♥❥❡❝/✉#❡ /❤❛/ /❤❡ /♦♣ ❥♦✉#♥❛❧ ✐♥ ♦♥❡ ✜❡❧❞ ❤❛, ❛ ❧❛#❣❡
✐♥✢✉❡♥❝❡ ❛❜♦✉/ /❤❡ ♠❡/❤♦❞♦❧♦❣✐❝❛❧ ❝♦♥✈❡♥/✐♦♥,✱ ✇♦#❦✐♥❣ ,/②❧❡, ❛♥❞ /♦♣✐❝, ✐♥ ❛ ✜❡❧❞❀
❤❡♥❝❡ ♣♦/❡♥/✐❛❧❧② ❜✐❛,❡❞ ♣✉❜❧✐❝❛/✐♦♥, /❤❡#❡ ✇✐❧❧ ❤❛✈❡ ❛ ❧❛#❣❡ ✐♥✢✉❡♥❝❡ ♦♥ /♦♣✐❝, ❛♥❞
♠❡/❤♦❞, ♦❢ ✉♣❝♦♠✐♥❣ #❡,❡❛#❝❤✳
❋♦# /❤❡ ,❛❦❡ ♦❢ ❝♦♥❞✉❝/✐♥❣ ❛♥ ❡①/❡♥,✐✈❡ ❧♦♥❣✐/✉❞✐♥❛❧ ❛♥❛❧②,✐,✱ ✐/ ✐, ♥♦/ ❢❡❛,✐❜❧❡ /♦
❡①❛♠✐♥❡ ❛❧❧ /♦♣ ❥♦✉#♥❛❧,✱ ❢♦#❝✐♥❣ ✉, /♦ ❝❤♦♦,❡ ♦♥❡ ,✐♥❣❧❡ ❥♦✉#♥❛❧✳ ❋♦✉♥❞❡❞ ✐♥ ✶✽✽✻✱
/❤❡ ◗❏❊ ✐, /❤❡ ♦❧❞❡,/ ❡❝♦♥♦♠✐❝, ❥♦✉#♥❛❧✱ ,✉♣♣❧②✐♥❣ ✉, ✇✐/❤ ❛ ,✐♠♣❧❡ ❞❡❝✐,✐♦♥ #✉❧❡
/❤❛/ ✇❡ ❡①♣❡❝/ /♦ ❜❡ ✉♥❝♦##❡❧❛/❡❞ ✇✐/❤ /❤❡ ❢❡❛/✉#❡, ✇❡ ❛✐♠ /♦ ✐♥✈❡,/✐❣❛/❡✳ ▼❡❛♥✐♥❣✱
✇❡ ❞♦ ♥♦/ ❡①♣❡❝/ /♦ ♦❜,❡#✈❡ ♣❛//❡#♥, ✐♥ /❤❡ ◗❏❊ /❤❛/ ✇❡ ✇♦✉❧❞ ♦/❤❡#✇✐,❡ ♥♦/ ,❡❡
✐♥ /❤❡ ❆❊❘ ♦# ❏%❊ ❢♦# ✐♥,/❛♥❝❡✳
✷✳✸✳✷ ❙❛♠♣❧❡ ❈♦♥,-.✉❝-✐♦♥
❲❡ ✇✐❧❧ ❢♦❝✉, ♦♥ /❤❡ ♥❛##♦✇❡# ✐♥/❡#♣#❡/❛/✐♦♥ ♦❢ ♣✉❜❧✐❝❛/✐♦♥ ❜✐❛, ❛♥❞ ✐♥✈❡,/✐❣❛/❡
✇❤❡/❤❡# ❛ ♥♦♥✲♥❛/✉#❛❧ ❛❝❝✉♠✉❧❛/✐♦♥ ♦❢ ,/❛/✐,/✐❝❛❧ #❡,✉❧/, ❥✉,/ ❛❜♦✈❡ /❤❡ ❝♦♠♠♦♥
/❤#❡,❤♦❧❞, ♦❢ ,✐❣♥✐✜❝❛♥❝❡ ❝❛♥ ❜❡ ♦❜,❡#✈❡❞✳ ❲❡ ✇✐❧❧ /❤❡#❡❢♦#❡ ❛♥❛❧②③❡ /❤❡ ❡♠♣✐#✐❝❛❧
❞✐,/#✐❜✉/✐♦♥ ♦❢ /❡,/ ,/❛/✐,/✐❝, ♣✉❜❧✐,❤❡❞ ✐♥ /❤❡ ◗❏❊✳
❲❡ ❢♦❝✉, ♦♥ /❤❡ ◗❏❊ ✈♦❧✉♠❡, ✼✸ /♦ ✶✸✸✱ ②✐❡❧❞✐♥❣ ❛♥ ♦❜,❡#✈❛/✐♦♥ ♣❡#✐♦❞ /❤❛/ ,♣❛♥,
/❤❡ ❧❛,/ ,✐① ❞❡❝❛❞❡,✱ ✶✾✺✾ /♦ ✷✵✶✽✳ ■♥ ❧✐♥❡ ✇✐/❤ /❤❡ ♦✉/❧✐♥❡❞ ♣✉#♣♦,❡ ♦❢ ♦✉# ✐♥✈❡,/✐❣❛✲
/✐♦♥✱ ✇❡ ❝♦♥,/#✉❝/ /✇♦ ❞❛/❛ ,❡/,✳ ✭✶✮ ❖♥❡ ❞❛/❛ ,❡/ ❝♦♥/❛✐♥✐♥❣ ❛❧❧ ❛#/✐❝❧❡, ♣✉❜❧✐,❤❡❞
✐♥ /❤❡ ♦❜,❡#✈❛/✐♦♥ ♣❡#✐♦❞ ❛♥❞ /❤❡ #❡,♣❡❝/✐✈❡ ❛#/✐❝❧❡ ♠❡/❛ ✐♥❢♦#♠❛/✐♦♥ ✭❤❡♥❝❡❢♦#/❤
❝❛❧❧❡❞ ❛'(✐❝❧❡ ❞❛(❛ .❡( ✮✳ ✭✷✮ ❖♥❡ ❞❛/❛ ,❡/ ❝♦♥/❛✐♥✐♥❣ ,/❛/✐,/✐❝❛❧ /❡,/ #❡,✉❧/, ❡①/#❛❝/❡❞
❢#♦♠ ❡❧✐❣✐❜❧❡ ❛#/✐❝❧❡, ✭❤❡♥❝❡❢♦#/❤ ❝❛❧❧❡❞ ❝♦❡✣❝✐❡♥( ❞❛(❛ .❡( ✮✳
❚❤❡ ❝♦❞✐♥❣ ♣#♦❝❡,, /♦♦❦ ❢♦✉# ②❡❛#,✳ ❇♦/❤ ❞❛/❛ ,❡/, ✇❡#❡ ♠❛♥✉❛❧❧② ❝♦♠♣✐❧❡❞ ✐♥ ❛
❞❡/❛✐❧❡❞✱ ❡✛♦#/❢✉❧ ❛♥❞ ,/❛♥❞❛#❞✐③❡❞ ♣#♦❝❡❞✉#❡ ❛♥❞ #❡♣#❡,❡♥/ ❛ ❢✉❧❧ ,❛♠♣❧❡ ♦❢ /❤❡
❧✐/❡#❛/✉#❡ ♣✉❜❧✐,❤❡❞ ✐♥ /❤❡ ◗❏❊ ❜❡/✇❡❡♥ ✶✾✺✾ ❛♥❞ ✷✵✶✽✳ ❚❤❡ ♠❛✐♥ ♣❛#/ ♦❢ /❤❡ ✇♦#❦
✇❛, ❞✉❡ /♦ ,❡❧❡❝/✐♥❣ ♦♥❧② /❤♦,❡ ❝♦❡✣❝✐❡♥/, ❢♦# ✇❤✐❝❤ ❤②♣♦/❤❡,❡, ✇❡#❡ ❢♦#♠✉❧❛/❡❞✱
♠❛❦✐♥❣ ✐/ ♥❡❝❡,,❛#② /❤❛/ ♦♥❡ ❡①♣❡#/ #❡❛❞, ❛❧❧ ❛#/✐❝❧❡,✳
❆'(✐❝❧❡ ❞❛(❛ .❡(✳ ❲❡ ✉,❡❞ /❤❡ ❲❡❜ ♦❢ ❙❝✐❡♥❝❡ ❈♦#❡ ❈♦❧❧❡❝/✐♦♥ ✭❲♦❙✮ ❞❛/❛ ❜❛,❡ /♦
❝♦♥,/#✉❝/ ❛♥ ✐♥✐/✐❛❧ ,❛♠♣❧❡✳ ❖✈❡#❛❧❧✱ /❤❡ ◗❏❊ ♣✉❜❧✐,❤❡❞ ✷✾✵✽ ✐/❡♠, ❢#♦♠ ✶✾✺✾ /♦
✷✵✶✽✱ ✐♥❝❧✉❞✐♥❣ ♥♦/❡,✱ ❝♦♠♠❡♥/, ❛♥❞ #❡♣❧✐❡,✳ ❚❤❡ ❲♦❙ ♣#♦✈✐❞❡, ❜❛,✐❝ ✐♥❢♦#♠❛/✐♦♥
,✉❝❤ ❛, /✐/❧❡✱ ♥❛♠❡ ♦❢ ❛✉/❤♦#✭,✮✱ ♣✉❜❧✐❝❛/✐♦♥ ②❡❛#✱ ✈♦❧✉♠❡ ❛♥❞ ✐,,✉❡✱ ♥✉♠❜❡# ♦❢ ❝✐/❡❞
#❡❢❡#❡♥❝❡, ❛♥❞ ♥✉♠❜❡# ♦❢ ❝✐/❛/✐♦♥, ,✐♥❝❡ ♣✉❜❧✐❝❛/✐♦♥✳ ❱✐❛ /❤♦#♦✉❣❤ ❝♦♥/❡♥/ ❛♥❛❧②,✐,
✇❡ ❝❛/❡❣♦#✐③❡❞ ❛❧❧ ❛#/✐❝❧❡, ✐♥ ❡✐/❤❡# ❡♠♣✐#✐❝❛❧ ,/✉❞② ♦# /❤❡♦#❡/✐❝❛❧ ❝♦♥/#✐❜✉/✐♦♥ ♦#
♥♦/❡✱ ❝♦♠♠❡♥/✱ #❡♣❧②✱ ❡/❝✳ ✭❤❡♥❝❡❢♦#/❤ #❡❢❡##❡❞ /♦ ❛, ❞✐.❝✉..✐♦♥✮✳
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❈♦❡✣❝✐❡♥' ❞❛'❛ *❡'✳ ❆❢"❡$ ❤❛✈✐♥❣ ❝♦♥-"$✉❝"❡❞ "❤❡ ❛,'✐❝❧❡ ❞❛'❛ *❡'✱ ✇❡ ❡①"$❛❝"❡❞ "❡-"
$❡-✉❧"- ❢♦❧❧♦✇✐♥❣ ❛♥ ❡❧❛❜♦$❛"❡ "✇♦✲-"❡♣ -❡❧❡❝"✐♦♥ ♣$♦❝❡❞✉$❡✿ ❋✐$-"✱ "❤❡ -❡❧❡❝"✐♦♥ ♦❢
❡❧✐❣✐❜❧❡ ❛$"✐❝❧❡-✱ ❛♥❞✱ -❡❝♦♥❞✱ "❤❡ -❡❧❡❝"✐♦♥ ♦❢ "❤❡$❡✐♥ $❡♣♦$"❡❞ ❡✛❡❝"-✳ ❚♦ ❜❡ ❡❧✐❣✐❜❧❡✱
❛$"✐❝❧❡- ❤❛❞ "♦ ♠❡❡" "❤$❡❡ ✐♥❝❧✉-✐♦♥ ❝$✐"❡$✐❛ ✭-❡❡ ❚❛❜❧❡ ✷✳✶✱ ♣❛♥❡❧ ❆✱ ❢♦$ ❛♥ ♦✈❡$✈✐❡✇✮✱
✇❤✐❝❤ ✇❡ $❡❢❡$ "♦ ❛- "❤$❡❡ -"❛❣❡- ♦❢ ♦✉$ -❡❧❡❝"✐♦♥ ♣$♦❝❡❞✉$❡ ✭-❡❡ ❛❧-♦ ❚❛❜❧❡ ✷✳✶✮✳
■♥ "❤❡ ✜$-" -"❛❣❡✱ ✇❡ ❡①♣❧✐❝✐"❧② -❡❧❡❝" ❛$"✐❝❧❡- "❤❛" $❡♣♦$" ❡♠♣✐$✐❝❛❧ -"✉❞✐❡- ❛♥❞ ❝♦♥✲
"❛✐♥ ❛♣♣$♦♣$✐❛"❡ -"❛"✐-"✐❝❛❧ "❡-"-✳ ❚❤❡ $❡❛-♦♥ ✐-✱ ❛- ♦✉"❧✐♥❡❞ ✐♥ ❙❡❝"✐♦♥ ✷✳✷✱ "❤❛" ✇❡
$❡❢❡$ "♦ ♣✉❜❧✐❝❛"✐♦♥ ❜✐❛- ❛- ❛ -②-"❡♠❛"✐❝ ♥♦✐-❡ ✐♥❞✉❝❡❞ ❜② ♣$❡❢❡$❡♥"✐❛❧ -❡❧❡❝"✐♦♥ ♦❢
-✐❣♥✐✜❝❛♥" ✜♥❞✐♥❣- ♦$ ♠❛♥✐♣✉❧❛"✐♦♥ ♦❢ ♥♦♥✲-✐❣♥✐✜❝❛♥" ❡✛❡❝"- "❤❛" ❡✈❡♥"✉❛❧❧② ♠❛②
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df = N − #coefficients in the regression equation✱ ✐♥❝❧✉❞✐♥❣ )❤❡ ❝♦♥*)❛♥) ❛♥❞ ♣♦**✐❜❧❡ ✜①❡❞
❡✛❡❝)*✳
✸✻
 ❤❡ #❛♠❡ p ✈❛❧✉❡✳ ❚♦ ❜❡ ♠♦-❡ ❝♦♥❝-❡ ❡✱ ✇❡ ✉♥❞❡- ❛❦❡  ❤❡ ❢♦❧❧♦✇✐♥❣  -❛♥#❢♦-♠❛ ✐♦♥✿







✇❤❡-❡ tij ✐#  ❤❡ t # ❛ ✐# ✐❝ ❢-♦♠ ❝♦❡✣❝✐❡♥ i ♦❢ ❛- ✐❝❧❡ j ❛♥❞ dfij  ❤❡ -❡#♣❡❝ ✐✈❡ ❞❡❣-❡❡#
♦❢ ❢-❡❡❞♦♠✳ pdf (tij) ✐#  ❤❡ ❝♦--❡#♣♦♥❞✐♥❣ p ✈❛❧✉❡ ❛♥❞ zij  ❤❡ z # ❛ ✐# ✐❝ -❡#✉❧ ✐♥❣ ❢-♦♠
 ❤❡  -❛♥#❢♦-♠❛ ✐♦♥✳ ❋♦❧❧♦✇✐♥❣  ❤✐# ♣-♦❝❡❞✉-❡ ✇❡ -❡❝❡✐✈❡ ❛ ❝♦♥#✐# ❡♥ ❞✐# -✐❜✉ ✐♦♥ ♦❢
z # ❛ ✐# ✐❝#❀ ❡❛❝❤ ♦♥❡ ❝♦--❡#♣♦♥❞✐♥❣  ♦ ❛ t # ❛ ✐# ✐❝ ❢-♦♠ ♦✉- ❞❛ ❛ #❡ ❛❞❥✉# ❡❞ ❢♦-
 ❤❡ -❡#♣❡❝ ✐✈❡ ❞❡❣-❡❡# ♦❢ ❢-❡❡❞♦♠✳
■♥ ❛❞❞✐ ✐♦♥✱ ✇❡ ✐♠♣✉ ❡ -❛♥❞♦♠ ❞❡❝✐♠❛❧# ❛♥❞ ✇❡✐❣❤ ♦✉- ❞❛ ❛ ❜❛#❡❞ ♦♥  ❤❡ ♥✉♠❜❡-
♦❢ ❝♦❡✣❝✐❡♥ # ✐♥  ❤❡ -❡#♣❡❝ ✐✈❡ ❛- ✐❝❧❡✳ ❲❡ ♣❡-❢♦-♠  ❤❡#❡  ✇♦  -❛♥#❢♦-♠❛ ✐♦♥# ❜❛#❡❞
♦♥  ❤❡ ❛-❣✉♠❡♥ # ❛♥❞  ❤❡ ♣-❡❝❡❞✐♥❣ # ✉❞② ❜② ❇-♦❞❡✉- ❡ ❛❧✳ ✭✷✵✶✻✮✳ ❲❡ ✐♠♣✉ ❡ ❛❞✲
❞✐ ✐♦♥❛❧ -❛♥❞♦♠ ❞❡❝✐♠❛❧#✱ #✐♥❝❡ -❡♣♦- ❡❞  ❡# -❡#✉❧ # ✐♥ ❛- ✐❝❧❡# ❛-❡ ✉#✉❛❧❧② -♦✉♥❞❡❞✳
❆# ❛ -❡#✉❧ ✱ t ❛♥❞ z # ❛ ✐# ✐❝# ♠❛② ❝❧✉# ❡- ❛ ❝❡- ❛✐♥ ✈❛❧✉❡#  ❤❛ ❛-❡ ❝❛❧❝✉❧❛ ❡❞ ❢-♦♠
❝♦❡✣❝✐❡♥ # ❛♥❞ # ❛♥❞❛-❞ ❡--♦-# ✇✐ ❤ ❢❡✇ ❞❡❝✐♠❛❧# ✭❇-♦❞❡✉- ❡ ❛❧✳✱ ✷✵✶✻✮✳ ❚❤❡-❡❢♦-❡✱
✇❡ ✐♠♣✉ ❡ ❛❞❞✐ ✐♦♥❛❧ ❞❡❝✐♠❛❧# ❜② ❞-❛✇✐♥❣ ❛ -❛♥❞♦♠ ♥✉♠❜❡- ❢-♦♠  ❤❡ #❡ ♦❢ ✈❛❧✲
✉❡#  ❤❛ ✇♦✉❧❞✱ ❛❢ ❡- -♦✉♥❞✐♥❣✱ ②✐❡❧❞  ❤❡ ♣❛- ✐❝✉❧❛- ❝♦❡✣❝✐❡♥ ✳
✶✶
❙❡❝♦♥❞✱ ✇❡ ✇❡✐❣❤
♦✉- ❞❛ ❛  ♦ ❡J✉❛❧❧② ❛❝❝♦✉♥ ❢♦- ❛- ✐❝❧❡# -❡♣♦- ✐♥❣ ❢❡✇ ❛♥❞ ♠❛♥② ❝♦❡✣❝✐❡♥ #✳ ❲❡
❝♦♥# -✉❝  ❤❡ ✇❡✐❣❤ ✐♥❣ ✈❛-✐❛❜❧❡ ✉#✐♥❣  ❤❡ ✐♥✈❡-#❡ ♦❢  ❤❡ ♥✉♠❜❡- ♦❢ ❝♦❡✣❝✐❡♥ # ❡①✲
 -❛❝ ❡❞ ❢-♦♠ ❡❛❝❤ ❛- ✐❝❧❡✳ ❍❡♥❝❡✱  ❤❡ ♠♦-❡ ❝♦❡✣❝✐❡♥ # ❢-♦♠ ♦♥❡ ❛- ✐❝❧❡  ❤❡ ❧♦✇❡-
 ❤❡✐- ✇❡✐❣❤ ✳ ❲❡ ✇✐❧❧ -❡♣♦- -❡#✉❧ # ❢♦- ✉♥✇❡✐❣❤ ❡❞ ❛♥❞ ✇❡✐❣❤ ❡❞ ❞❛ ❛✳
✷✳✹ ❆ ♥♦✈❡❧ ♠❡*❤♦❞ ❢♦. ❞❡*❡❝*✐♥❣ ♣✉❜❧✐❝❛*✐♦♥ ❜✐❛6
✷✳✹✳✶ ❘❡❣'❡((✐♦♥ ❞✐(❝♦♥.✐♥✉✐.② ♠❡.❤♦❞( ❛♣♣❧✐❡❞ .♦ ♣✉❜❧✐❝❛✲
.✐♦♥ ❜✐❛(
❆❧❧ ❞❡ ❡❝ ✐♦♥ ♠❡ ❤♦❞# ♦❢ ♣✉❜❧✐❝❛ ✐♦♥ ❜✐❛# ❞-❛✇ ♦♥  ❤❡ ❡♠♣✐-✐❝❛❧ ❞✐# -✐❜✉ ✐♦♥ ♦❢
 ❡# ♦- p ✈❛❧✉❡#✳ ❚❤❡-❡ ❞♦❡# ♥♦ ②❡ ❡①✐# ❛ # ❛♥❞❛-❞✐③❡❞  ❡# ❢♦- ♣✉❜❧✐❝❛ ✐♦♥ ❜✐❛#❀
❤♦✇❡✈❡-✱ ❛❧❧ ♠❡ ❤♦❞# ✉#❡  ❤❡ ❦❡② ❛##✉♠♣ ✐♦♥  ❤❛  ❤✐# ❞✐# -✐❜✉ ✐♦♥ ✐# #✉♣♣♦#❡❞  ♦ ❜❡
❝♦♥ ✐♥✉♦✉# ✭❡✳❣✳ ▼❛#✐❝❛♠♣♦ ❛♥❞ ▲❛❧❛♥❞❡✱ ✷✵✶✷✮✳ ❚❤❡ ❡①❛❝ #❤❛♣❡ ♦❢  ❤❡ ✉♥❞❡-❧②✐♥❣
❞✐# -✐❜✉ ✐♦♥ ✐# ✉♥❦♥♦✇♥ ❜✉ ✐ ❝❡- ❛✐♥❧② #❤♦✉❧❞ ♥♦ ❤❛✈❡ ❛♥② ❥✉♠♣# ♦- ❞✐#❝♦♥ ✐♥✉✐ ✐❡#❀
❛♥❞ ✐♥ ♣❛- ✐❝✉❧❛- ♥♦ ❛  ❤❡ ❝♦♠♠♦♥ ❝-✐ ✐❝❛❧  ❤-❡#❤♦❧❞# ♦❢ #✐❣♥✐✜❝❛♥❝❡ #✉❝❤ ❛# ✶✳✻✹
♦- ✶✳✾✻ ❢♦-  ❤❡  ❡♥ ♣❡-❝❡♥ ♦- ✜✈❡ ♣❡-❝❡♥ ❧❡✈❡❧ ♦❢  ❤❡ # ❛♥❞❛-❞ ♥♦-♠❛❧ ❞✐# -✐❜✉ ✐♦♥✳
✶✶✳ ❋♦$ ✐♥'(❛♥❝❡✱ ✐❢ ❛ ❝♦❡✣❝✐❡♥( b ✐' $❡♣♦$(❡❞ ✇✐(❤ (❤$❡❡ ❞❡❝✐♠❛❧' ✇❡ ✇♦✉❧❞ $❛♥❞♦♠❧② ♣✐❝❦ ❛
♥✉♠❜❡$ ❢$♦♠ (❤❡ ✐♥(❡$✈❛❧ [b−0.5∗10−4, b+0.5∗10−4]✳ ❲❡ ❛♣♣❧② (❤✐' ♣$♦❝❡❞✉$❡ (♦ ❜♦(❤ ❝♦❡✣❝✐❡♥('
❛♥❞ '(❛♥❞❛$❞ ❡$$♦$' ❛♥❞ (❤❡♥ ❝❛❧❝✉❧❛(❡ (❤❡ ❝♦$$❡'♣♦♥❞✐♥❣ ❞❡"♦✉♥❞❡❞ (❡'( '(❛(✐'(✐❝✳
✸✼
❚❤✐# ✐# $❡❛#♦♥❛❜❧❡ ❜❡❝❛✉#❡✱ ❡✈❡♥ /❤♦✉❣❤ /❤❡#❡ ❝✉/♦✛ ✈❛❧✉❡# ♠❛② ❜❡ ❤✐#/♦$✐❝❛❧❧② ✇❡❧❧
❡#/❛❜❧✐#❤❡❞✱ /❤❡② ❛$❡ ❛$❜✐/$❛$② ❢$♦♠ ❛ ♠❛/❤❡♠❛/✐❝❛❧ ♣❡$#♣❡❝/✐✈❡✳
❲❡ ❛♣♣❧② ❛ ♥♦✈❡❧ ♠❡/❤♦❞ ❢♦$ ❞❡/❡❝/✐♥❣ ♣✉❜❧✐❝❛/✐♦♥ ❜✐❛#✳ ❋♦$ /❤✐# #❛❦❡✱ ✇❡ ❜♦$$♦✇
❢$♦♠ /❤❡ ❧✐/❡$❛/✉$❡ ♦♥ $❡❣$❡##✐♦♥ ❞✐#❝♦♥/✐♥✉✐/②✳ ❙✐♠✐❧❛$ /♦ ♦/❤❡$ ♠❡/❤♦❞#✱ ✇❡ ✐♥✲
✈❡#/✐❣❛/❡ ✇❤❡/❤❡$ ♠♦$❡ $❡#✉❧/# ✇❡$❡ ♣✉❜❧✐#❤❡❞ /❤❛/ ❛$❡ ❥✉#/ #✐❣♥✐✜❝❛♥/ /❤❛♥ $❡#✉❧/#
/❤❛/ ❛$❡ ❥✉#/ ✐♥#✐❣♥✐✜❝❛♥/✱ ✐♥ ♦/❤❡$ ✇♦$❞#✱ ✇❤❡/❤❡$ ❛♥ ♦✈❡$✲$❡♣$❡#❡♥/❛/✐♦♥ ✐♥ /❤❡
❞✐#/$✐❜✉/✐♦♥ ♦❢ /❡#/ #/❛/✐#/✐❝# ♦♥ /❤❡ $✐❣❤/✲❤❛♥❞ #✐❞❡ ♦❢ /❤❡ ❝$✐/✐❝❛❧ /❤$❡#❤♦❧❞# ♦❢ /❤❡
❙/✉❞❡♥/✲t ❞✐#/$✐❜✉/✐♦♥ ❝❛♥ ❜❡ ♦❜#❡$✈❡❞✳ ❍♦✇❡✈❡$✱ ♦✉$ ♠❡/❤♦❞ ❛❧❧♦✇# ✉#✐♥❣ ♠♦$❡
❛✈❛✐❧❛❜❧❡ ❞❛/❛ ♣♦✐♥/# ❝♦♠♣❛$❡❞ /♦ ♣$❡✈✐♦✉# ♠❡/❤♦❞#✳ ❚❤❛/ ✐#✱ ✇❡ ✉#❡ ♥♦/ ♦♥❧② ❝♦✲
❡✣❝✐❡♥/# ❥✉#/ ❜❡❧♦✇ ❛♥❞ ❥✉#/ ❛❜♦✈❡ /❤❡ /❤$❡#❤♦❧❞# ❜✉/ ❛❧#♦ #❡❣♠❡♥/# ❢✉$/❤❡$ ❛✇❛②
❢$♦♠ /❤❡ /❤$❡#❤♦❧❞#✱ /$❡❛/✐♥❣ /❤❡♠ ✇✐/❤ ❧♦✇❡$ ✇❡✐❣❤/#✳
❲❡ ✉#❡ ❛ /❡#/ ❦♥♦✇♥ ❢$♦♠ /❤❡ ❧✐/❡$❛/✉$❡ ♦♥ $❡❣$❡##✐♦♥ ❞✐#❝♦♥/✐♥✉✐/②✳ ❲✐❞❡❧② ✉#❡❞
✐♥ ❡❝♦♥♦♠✐❝#✱ $❡❣$❡##✐♦♥ ❞✐#❝♦♥/✐♥✉✐/② ✐# ❛ B✉❛#✐✲❡①♣❡$✐♠❡♥/❛❧ ❞❡#✐❣♥ /❤❛/ ✐# ✉#✉❛❧❧②
❛♣♣❧✐❡❞ /♦ ❡#/✐♠❛/❡ /$❡❛/♠❡♥/ ❡✛❡❝/# ✇❤❡♥❡✈❡$ ✐♥❞✐✈✐❞✉❛❧# ❛$❡ ❛##✐❣♥❡❞ /♦ ❛ /$❡❛/✲
♠❡♥/ ❜❛#❡❞ ♦♥ ❛♥ ✉♥❞❡$❧②✐♥❣ $❛♥❞♦♠ ❛##✐❣♥♠❡♥/ ✈❛$✐❛❜❧❡ R ✭❍❛❤♥ ❡/ ❛❧✳✱ ✷✵✵✶✮✳
▼❡❛♥✐♥❣✱ /❤♦#❡ ✇❤♦#❡ ✈❛❧✉❡ ❢♦$ R ❡①❝❡❡❞ ❛ ❝❡$/❛✐♥ ❝✉/♦✛ ✈❛❧✉❡ $❡❝❡✐✈❡ /❤❡ /$❡❛/✲
♠❡♥/✱ /❤❡ ♦/❤❡$# ❞♦ ♥♦/✳ ❚❤❡ /$❡❛/♠❡♥/ ❡✛❡❝/ ❝❛♥ /❤❡♥ ❜❡ ❡#/✐♠❛/❡❞ ❜② ❝♦♠♣❛$✐♥❣
/❤❡ ♦✉/❝♦♠❡ ♦❢ ✐♥/❡$❡#/ ❢♦$ ✐♥❞✐✈✐❞✉❛❧# ❥✉#/ ❜❡❧♦✇ ❛♥❞ ❥✉#/ ❛❜♦✈❡ /❤❡ ❝✉/♦✛ ❛##✉♠✐♥❣
/❤❛/ /❤❡② ❛$❡ ✈✐$/✉❛❧❧② #✐♠✐❧❛$ $❡❣❛$❞✐♥❣ ❝❡$/❛✐♥ ❜❛#✐❝ ❝❤❛$❛❝/❡$✐#/✐❝# ❛# /❤❡② ♦♥❧②
♠❛$❣✐♥❛❧❧② ❞✐✛❡$ ✐♥ R ✭▲❡❡ ❛♥❞ ▲❡♠✐❡✉①✱ ✷✵✶✵✮✳
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❘❡❝❡✐✈✐♥❣ ♠♦0❡ "❤❛♥ ✇❤❛" ❝❛♥ ❜❡ ♣✉❜❧✐'❤❡❞ ❝❛♥ ♣❛0"❧② ❜❡ ❛""0✐❜✉"❡❞ "♦ "❤❡ ❝✉00❡♥"
♣✉❜❧✐%❤ ♦( ♣❡(✐%❤ '②'"❡♠✱ 0❡3✉✐0✐♥❣ '❝✐❡♥"✐'"' "♦ ♣✉❜❧✐'❤ ✇✐"❤ ❤✐❣❤ 3✉❛♥"✐"② ❛♥❞ ❤✐❣❤
3✉❛❧✐"② ✐❢ "❤❡② ✐♥"❡♥❞ "♦ ♣✉0'✉❡ ❛♥ ❛❝❛❞❡♠✐❝ ❝❛0❡❡0 ✭●0❛❜❡0 ❡" ❛❧✳✱ ✷✵✵✽✮✳ ❚❤❡
♠❛❥♦0✐"② ♦❢ '❝✐❡♥"✐✜❝ ❥♦✉0♥❛❧' ❛0❡ ♣0✐♥" ❥♦✉0♥❛❧'✱ 0❡'"0✐❝"✐♥❣ "❤❡ ♥✉♠❜❡0 ♦❢ "❤❡✐0
♣✉❜❧✐❝❛"✐♦♥' "♦ "❤❡✐0 ❛✈❛✐❧❛❜❧❡ ♣❛❣❡ '♣❛❝❡✳ ■♥ ❛❞❞✐"✐♦♥✱ "♦♣ ❥♦✉0♥❛❧' ♦❢"❡♥ ✐♥"❡♥❞ "♦
❜❡ 0❡'"0✐❝"✐✈❡✱ ②✐❡❧❞✐♥❣ "❤❡♠ ❛ ❧❛0❣❡0 ♣♦♦❧ ❢0♦♠ ✇❤✐❝❤ "♦ '❡❧❡❝" ❛♥❞ ❛ ♠♦0❡ ❢♦❝✉'❡❞
✈✐'✐❜✐❧✐"② ♦❢ ♦✉"'"❛♥❞✐♥❣ 0❡'❡❛0❝❤✳ ❚❛❦❡♥ "♦❣❡"❤❡0✱ "❤✐' ②✐❡❧❞' ❛ '✉❜'"❛♥"✐❛❧ ❣❛♣











































1965 1975 1985 1995 2005 2015
number of submissions acceptance rate
❋✐❣✉$❡ ✷✳✶✿ ❙✉❜♠✐--✐♦♥- ❛♥❞ ❆❝❝❡♣5❛♥❝❡ ❘❛5❡ ♦✈❡$ ❚✐♠❡✱ ✶✾✺✾ ✕ ✷✵✶✽
❉❛"❛ ❙♦✉&❝❡✿ ❈❛&❞ ❛♥❞ ❉❡❧❧❛❱✐❣♥❛ ✭✷✵✶✸✮✳ ❚❤❡ ❧❡❢"✲❤❛♥❞ ❛①✐= &❡❢❡&= "♦ "❤❡ ♥✉♠❜❡& ♦❢ =✉❜♠✐==✐♦♥=
♣❡& ②❡❛& "♦ "❤❡ ◗❏❊ ✭❜❧❛❝❦ ❧✐♥❡✮ ❛♥❞ "❤❡ &✐❣❤"✲❤❛♥❞ ❛①✐= &❡❢❡&= "♦ "❤❡ ❝♦&&❡=♣♦♥❞✐♥❣ ❛❝❝❡♣"❛♥❝❡ &❛"❡
✭&❡❞ ❧✐♥❡✮✳ ❚❤❡ ❛❝❝❡♣"❛♥❝❡ &❛"❡ ✐= ❜❛=❡❞ ♦♥ ❛&"✐❝❧❡= ♣✉❜❧✐=❤❡❞ ✐♥ "❤❡ &❡=♣❡❝"✐✈❡ ②❡❛& ✐♥ ❝♦♠♣❛&✐=♦♥
"♦ ❧❛❣❣❡❞ =✉❜♠✐==✐♦♥= ❢&♦♠ "❤❡ "✇♦ ♣&❡✈✐♦✉= ②❡❛&=✳ ❋♦& "❤❡ ②❡❛&= ❜❡❢♦&❡ ❜❡❢♦&❡ ✶✾✼✵✱ "❤❡ ②❡❛&=
❛❢"❡& ✷✵✶✷ ❛♥❞ "❤❡ ②❡❛&= ✶✾✼✼ "♦ ✶✾✽✾ ♥♦ =✉❜♠✐==✐♦♥ ❞❛"❛ ✐= ❛✈❛✐❧❛❜❧❡✳ ❇❡"✇❡❡♥ ✶✾✼✼ ❛♥❞ ✶✾✽✾
✇❡ ❧✐♥❡❛&❧② ✐♥"❡&♣♦❧❛"❡❞ "❤❡ ♠✐==✐♥❣ ✈❛❧✉❡= ❢♦& "❤❡ ♥✉♠❜❡& ♦❢ =✉❜♠✐==✐♦♥= ❛♥❞ "❤❡ ❛❝❝❡♣"❛♥❝❡ &❛"❡
✭❞❛=❤❡❞ =❡❣♠❡♥"=✮✳ ❋♦& "❤❡ ❛❝❝❡♣"❛♥❝❡ &❛"❡ ✇❡ ❛❧=♦ &❡❝❛❧❝✉❧❛"❡❞ "❤❡ ✈❛❧✉❡= ✉=✐♥❣ "❤❡ ❧✐♥❡❛&❧②
✐♥"❡&♣♦❧❛"❡❞ =✉❜♠✐==✐♦♥ ❛♥❞ "❤❡ ❛❝"✉❛❧ ♥✉♠❜❡& ♦❢ ♣✉❜❧✐❝❛"✐♦♥= ✭❞♦""❡❞ =❡❣♠❡♥"✮✱ =❡❡ "❡①" ❢♦&
❞❡"❛✐❧❡❞ ❞❡=❝&✐♣"✐♦♥=✳
❲❡ $❡♣♦$5 5❤❡ ❛❝❝❡♣5❛♥❝❡ $❛5❡ ❛♥❞ 5❤❡ ♥✉♠❜❡$ ♦❢ -✉❜♠✐--✐♦♥- ❢♦$ ◗❏❊ ✉-✐♥❣ ❞❛5❛
♣$♦✈✐❞❡❞ ❜② ❈❛$❞ ❛♥❞ ❉❡❧❧❛❱✐❣♥❛ ✭✷✵✶✸✮✳ ▼✐--✐♥❣ ✐♥❢♦$♠❛5✐♦♥ ❤❛- ❜❡❡♥ ✐♥5❡$♣♦✲
❧❛5❡❞✳ ❋✐❣✉$❡ ✷✳✶ -❤♦✇- 5❤❛5 5❤❡ ♥✉♠❜❡$ ♦❢ -✉❜♠✐--✐♦♥- ✐♥❝$❡❛-❡❞ -✐❣♥✐✜❝❛♥5❧② ♦✈❡$
5✐♠❡ ✇❤❡$❡❛- ❛❝❝❡♣5❛♥❝❡ $❛5❡ ❞❡❝$❡❛-❡❞ ♥♦5❛❜❧②✳ ■♥ 5❤❡ ❡❛$❧② ✶✾✼✵- ❛❜♦✉5 ✹✵✵ ♣❛✲
♣❡$- ✇❡$❡ -✉❜♠✐55❡❞ ♣❡$ ②❡❛$✳ ❲✐5❤ ❛♥ ❛❝❝❡♣5❛♥❝❡ $❛5❡ ❥✉-5 ♦✈❡$ 5❡♥ ♣❡$❝❡♥5 ❛❜♦✉5
✹✵ ❛$5✐❝❧❡- ❡❛❝❤ ②❡❛$ ✇❡$❡ ❛❝❝❡♣5❡❞✳ ▼♦✈✐♥❣ 5♦ 5❤❡ ♠✐❞✲✶✾✾✵-✱ ❛❜♦✉5 ✻✳✺✪ ♦❢ ✻✵✵
-✉❜♠✐--✐♦♥- ✇❡$❡ ♣✉❜❧✐-❤❡❞✱ ✇❤✐❝❤ ❛❣❛✐♥ ②✐❡❧❞- ❛❜♦✉5 ✹✵ ♣✉❜❧✐❝❛5✐♦♥-✳ ❙✉$♣$✐-✐♥❣❧②✱
5❤✐- $❡-✉❧5 ❞♦❡- ♥♦5 ❝❤❛♥❣❡ ❢♦$ 5❤❡ $❡❝❡♥5 ②❡❛$-✳ ❋♦$ 5❤❡ ❧❛-5 ♦❜-❡$✈❛5✐♦♥✱ ✷✵✶✶✱
❥✉-5 ♦✈❡$ 5❤$❡❡ ♣❡$❝❡♥5 ♦❢ ❛❜♦✉5 ✶✸✵✵ ♠❛♥✉-❝$✐♣5- ✇❡$❡ ♣✉❜❧✐-❤❡❞✳ ❚❤✐- -❤♦✇- 5❤❛5
5❤❡ ❛❝❝❡♣5❛♥❝❡ $❛5❡ ❞✐❞ ♥♦5 ❞❡❝$❡❛-❡ ❜❡❝❛✉-❡ 5❤❡ ❥♦✉$♥❛❧ ❜❡❝❛♠❡ ♠♦$❡ -❡❧❡❝5✐✈❡✳
❘❛5❤❡$✱ ✐♥❝$❡❛-✐♥❣ ♥✉♠❜❡$- ♦❢ -✉❜♠✐--✐♦♥- ✐♥ ❝♦♠❜✐♥❛5✐♦♥ ✇✐5❤ ❛ -5❛❜❧❡ ♥✉♠❜❡$ ♦❢
♣✉❜❧✐❝❛5✐♦♥- ♣❡$ ②❡❛$ ❧❡❛❞- 5♦ ❛ ❞❡❝$❡❛-✐♥❣ ❛❝❝❡♣5❛♥❝❡ $❛5❡ ✐♥ $❡❝❡♥5 ②❡❛$- 5♦ ✈❡$②
❧♦✇ ❧❡✈❡❧-✳ ❚❤✐- ✐❧❧✉-5$❛5❡- ✐♥❝$❡❛-✐♥❣ ♣$❡--✉$❡- 5♦ ♣✉❜❧✐-❤ ✐♥ ❤✐❣❤ T✉❛♥5✐5② ✭♥✉♠✲
❜❡$ ♦❢ -✉❜♠✐--✐♦♥-✮✱ ✇✐5❤ ❤✐❣❤ T✉❛❧✐5② ✭-✉❜♠✐--✐♦♥- ❛5 5♦♣ ❥♦✉$♥❛❧-✮ ❛♥❞ ✐♥❞✐❝❛5❡-
✐♥❝$❡❛-✐♥❣ ❝♦♠♣❡5✐5✐♦♥ ✭❞❡❝❧✐♥✐♥❣ ❛❝❝❡♣5❛♥❝❡ $❛5❡- 5♦ ✈❡$② -♠❛❧❧ ❧❡✈❡❧-✮✳
❚❤❡ ❛❜♦✈❡ ♠❡♥5✐♦♥❡❞ ✐♥❞✐❝❛5✐♦♥- ❢♦$ ✐♥❝$❡❛-✐♥❣ ♣✉❜❧✐❝❛5✐♦♥ ♣$❡--✉$❡- ❛$❡ -✉♣♣♦$5❡❞
❜② ♦✉$ ❛♥❛❧②-❡- ♦❢ 5❤❡ ♣✉❜❧✐❝❛5✐♦♥ ✈♦❧✉♠❡ ♦✈❡$ 5✐♠❡✳ ❋✐❣✉$❡ ✷✳✷ ♣❧♦5- 5❤❡ ♥✉♠❜❡$
♦❢ ❛$5✐❝❧❡- ❛♥❞ ♣❛❣❡- ♣✉❜❧✐-❤❡❞ ♣❡$ ②❡❛$ ❛- ✇❡❧❧ ❛- 5❤❡ ❧❡♥❣5❤ ♦❢ ♣✉❜❧✐-❤❡❞ ❛$5✐❝❧❡-
♦✈❡$ 5✐♠❡✳ ❖✈❡$ 5❤❡ ❧❛-5 -✐① ❞❡❝❛❞❡- 5❤❡ ♥✉♠❜❡$ ♦❢ ♣✉❜❧✐❝❛5✐♦♥- ♣❡$ ②❡❛$ $❡♠❛✐♥❡❞

































































1965 1975 1985 1995 2005 2015
pagespace number of articles average length
❋✐❣✉$❡ ✷✳✷✿ )✉❜❧✐❝❛.✐♦♥ ❱♦❧✉♠❡ ♦✈❡$ ❚✐♠❡✱ ✶✾✺✾ ✕ ✷✵✶✽
❚❤❡ ❣$❛♣❤ ♣❧♦)* )❤❡ ♦✈❡$❛❧❧ ♣✉❜❧✐❝❛)✐♦♥ ✈♦❧✉♠❡ ✭♠❡❛*✉$❡❞ ❜② )♦)❛❧ ♥✉♠❜❡$ ♦❢ ♣❛❣❡* ♣❡$ ②❡❛$✮
❛❣❛✐♥*) )❤❡ ♥✉♠❜❡$ ♦❢ ❛$)✐❝❧❡* ♣✉❜❧✐*❤❡❞ ♣❡$ ②❡❛$ ❛♥❞ )❤❡✐$ ❛✈❡$❛❣❡ ❧❡♥❣)❤✳ ❲❡ ❡①❝❧✉❞❡❞ ❞✐*❝✉**✐♦♥
✐)❡♠* ✭❝♦♠♠❡♥)*✱ ♥♦)❡*✱ $❡♣❧✐❡*✱ ❡)❝✳✮ ❢♦$ )❤✐* ❛♥❛❧②*✐*✳ ❚❤❡ ❧❡❢)✲❤❛♥❞ ❛①✐* $❡❢❡$* )♦ )❤❡ )♦)❛❧
♥✉♠❜❡$ ♦❢ ♣❛❣❡* ✭*♦❧✐❞ ❧✐♥❡✮ ♣✉❜❧✐*❤❡❞ ♣❡$ ②❡❛$✳ ❚❤❡ $✐❣❤)✲❤❛♥❞ ❛①✐* $❡❢❡$* )♦ )❤❡ ♥✉♠❜❡$ ♦❢
❛$)✐❝❧❡* ♣✉❜❧✐*❤❡❞ ♣❡$ ②❡❛$ ✭❞❛*❤❡❞ ❧✐♥❡✮ ❛* ✇❡❧❧ ❛* )❤❡ ❛✈❡$❛❣❡ ❧❡♥❣)❤ ♦❢ )❤❡ ❛$)✐❝❧❡* ✭❞♦))❡❞ ❧✐♥❡✮✳
②❡❛$ ✐♥❝$❡❛=❡❞ $❡♠❛$❦❛❜❧② ❢$♦♠ ❛❜♦✉. ✼✵✵ ②❡❛$❧② ♣❛❣❡= ❜❡.✇❡❡♥ ✶✾✻✵ ❛♥❞ ✶✾✽✵ .♦
❛$♦✉♥❞ ✷✵✵✵ ♣❛❣❡= ✐♥ $❡❝❡♥. ②❡❛$=✳ ❚❤✐= ❝❛♥ ❜❡ ❛..$✐❜✉.❡❞ .♦ .❤❡ ✐♥❝$❡❛=❡❞ ❛✈❡$❛❣❡
❧❡♥❣.❤ ♦❢ .❤❡ ❛$.✐❝❧❡=✳ ❲❤❡$❡❛= ❛♥ ❛$.✐❝❧❡ ❤❛❞ ❛❜♦✉. .❡♥ .♦ ✜❢.❡❡♥ ♣❛❣❡= ✐♥ .❤❡
✶✾✼✵= ❛♥❞ ✶✾✽✵=✱ .❤❡ ❛✈❡$❛❣❡ ❧❡♥❣.❤ ✐♥❝$❡❛=❡❞ =.❡❛❞✐❧② .♦ ✹✽ ♣❛❣❡=✱ ✇❤✐❝❤ ✐= ♠♦$❡
.❤❛♥ .❤$❡❡ .✐♠❡= ❛= ♠❛♥②✳ ❚❤✐= ✐❧❧✉=.$❛.❡= .❤❛. .❤❡ $❡I✉✐$❡♠❡♥.= ❢♦$ .❤❡ ♥❡❝❡==❛$②
❛♠♦✉♥. ♦❢ ♠❛.❡$✐❛❧ .♦ ✇❛$$❛♥. ❛ =✉✣❝✐❡♥. ❝♦♥.$✐❜✉.✐♦♥ ❤❛✈❡ =✉❜=.❛♥.✐❛❧❧② ✐♥❝$❡❛=❡❞
♦✈❡$ .✐♠❡✳ ■♥ ♦.❤❡$ ✇♦$❞=✱ ✐. ❜❡❝♦♠❡= ✐♥❝$❡❛=✐♥❣❧② ❤❛$❞❡$ ❢♦$ =❝✐❡♥.✐=.= .♦ ♠❡❡.
.❤❡ ❡①♣❡❝.❛.✐♦♥= ❢♦$ ♣✉❜❧✐=❤✐♥❣ ✐♥ .♦♣ ❥♦✉$♥❛❧=✳ ❖♥❝❡ .❤❡ ♥❡❝❡==❛$② ❛♠♦✉♥. ♦❢
♠❛.❡$✐❛❧ ❤❛= ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✱ .❤❡ ❛==♦❝✐❛.❡❞ ❢❡❛$ ♦❢ =✉♥❦ ❝♦=.= ✐♥ ❝❛=❡ ♦❢ $❡❥❡❝.✐♦♥=
♠❛② ✐♥❝$❡❛=✐♥❣❧② .$✐❣❣❡$ $❡=❡❛$❝❤❡$= .♦ ♣✉=❤ .❤❡✐$ $❡=✉❧.= ❜❡②♦♥❞ .❤❡ .❤$❡=❤♦❧❞= ♦❢
=.❛.✐=.✐❝❛❧ =✐❣♥✐✜❝❛♥❝❡ ❜❡❢♦$❡ =✉❜♠✐..✐♥❣ .❤❡✐$ ✇♦$❦✳
■♥ .❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛$❛❣$❛♣❤✱ ✇❡ ❞✐=❝✉== .❤$❡❡ ❞❡.❛✐❧❡❞ ♣❡❝✉❧✐❛$✐.✐❡= ✐♥ .❤❡ .$❡♥❞ ❞❛.❛
♦♥ ❛❝❝❡♣.❛♥❝❡ $❛.❡=✳ ❋✐"#$✱ ✐♥ ✶✾✽✵ .✇✐❝❡ ❛= ♠❛♥② ❛$.✐❝❧❡= ❛= ✉=✉❛❧ ✇❡$❡ ♣✉❜❧✐=❤❡❞✳
❚❤✐= ❝♦✐♥❝✐❞❡= ✇✐.❤ .❤❡ ✜$=.✲.✐♠❡ ✐♥=.❛❧❧❛.✐♦♥ ♦❢ ❛♥ ❡❞✐.♦$✐❛❧ ❜♦❛$❞ ❛♥❞ .❤❡ ❢❛❝. .❤❛.
.❤❡ ◗❏❊ ♣✉❜❧✐=❤❡❞ .✇♦ ✈♦❧✉♠❡= ✐♥ .❤✐= ♣❛$.✐❝✉❧❛$ ②❡❛$✳
✶✼
❙❡❝♦♥❞✱ ✐♥ ✶✾✽✺ .❤❡ ❡❞✐.♦$=
♦❢ .❤❡ ◗❏❊ ♣✉❜❧✐=❤❡❞ ❛ ▼❛♥✐❢❡#$♦ ❛♥♥♦✉♥❝✐♥❣ .❤❛. .❤❡② ✇✐❧❧ ✏♣✉❜❧✐=❤ ✺✵ ♣❡$❝❡♥.
♠♦$❡ ♣❛❣❡= .❤❛♥ ✉=✉❛❧ .❤✐= ②❡❛$✑ ❛✐♠✐♥❣ .♦ $❡❞✉❝❡ ✏❜❛❝❦❧♦❣✑ ✭❇❧❛♥❝❤❛$❞ ❡. ❛❧✳✱ ✶✾✽✺✱
♣✳ ✐✐✐✮✳ ❋✐❣✉$❡ ✷✳✷ =✉❣❣❡=.= .❤❛. .❤❡② ❦❡♣. .❤❡✐$ ✇♦$❞✳ ❚❤✐"❞✱ =✐❣♥✐✜❝❛♥.❧② ♠♦$❡
❛$.✐❝❧❡= ✇❡$❡ ♣✉❜❧✐=❤❡❞ ✐♥ ✶✾✾✶ ❛= ✇❡❧❧✳ ▼♦=. ❧✐❦❡❧②✱ .❤✐= ❝❛♥ ❜❡ ❛..$✐❜✉.❡❞ .♦ ❛
❧❛$❣❡✲=❝❛❧❡ ♣$♦❥❡❝. ♦❢ .❤❡ ◆❛.✐♦♥❛❧ ❇✉$❡❛✉ ♦❢ ❊❝♦♥♦♠✐❝ ❘❡=❡❛$❝❤ ❛♥❞ .❤❡ ❍❛$✈❛$❞
✶✼✳❆❞❞✐)✐♦♥❛❧❧② )♦ ❛$)✐❝❧❡* ♣✉❜❧✐*❤❡❞ ✐♥ )❤❡ ◗❏❊ ✇❡ ❛❧*♦ ❝♦❧❧❡❝)❡❞ )❤❡ ❢$♦♥) ♠❛))❡$* ✕)❤❡②
✉*✉❛❧❧② $❡♣♦$) )❤❡ ❝✉$$❡♥) ❡❞✐)♦$✭*✮✕ ♦❢ ❛❧❧ ✈♦❧✉♠❡* ❢$♦♠ ✶✾✺✾ )♦ ✷✵✶✽ )♦ ❣❡) ❛♥ ♦✈❡$✈✐❡✇ ♦♥
❡❞✐)♦$✐❛❧ ❝❤❛♥❣❡*✳
✹✸
❯♥✐✈❡%&✐'② '❤❛' ❡♥❞❡❞ ✐♥ ✶✾✾✶ ✇✐'❤ %❡♣♦%'& ❜❡✐♥❣ ♣✉❜❧✐&❤❡❞ ✐♥ '❤❡ ◗❏❊ ✭❇❛%%♦ ❛♥❞
❘♦♠❡%✱ ✶✾✾✶✮✳ ❚❛❦✐♥❣ '❤❡&❡ ♦❜&❡%✈❛'✐♦♥& ✐♥'♦ ❛❝❝♦✉♥'✱ ✇❡ %❡❝♦♥&✐❞❡% '❤❡ ❛❝❝❡♣'❛♥❝❡
%❛'❡ ❢%♦♠ ❋✐❣✉%❡ ✷✳✶ '❤❛' ✇❡ ❛ ♣%✐♦%✐ ❧✐♥❡❛%❧② ✐♥'❡%♣♦❧❛'❡❞ ❜❡'✇❡❡♥ ✶✾✼✼ ❛♥❞ ✶✾✽✾
❞✉❡ '♦ ♠✐&&✐♥❣ ❞❛'❛✳ ❯&✐♥❣ '❤❡ ✐♥'❡%♣♦❧❛'❡❞ &✉❜♠✐&&✐♦♥& ❛♥❞ '❤❡ ❛❝%✉❛❧ ♥✉♠❜❡% ♦❢
♣✉❜❧✐&❤❡❞ ❛%'✐❝❧❡& ✇❡ %❡❝❛❧❝✉❧❛'❡❞ '❤❡ ❛❝❝❡♣'❛♥❝❡ %❛'❡✳
✶✽
❚❤✐& ②✐❡❧❞& ❛♥ ❛❝❝❡♣'❛♥❝❡
%❛'❡ ♦❢ ❛❜♦✉' ✷✵✪ ✐♥ ✶✾✽✵ ✐♠♣❧②✐♥❣ '❤❛' ❛❧♠♦&' ❡✈❡%② ❢♦✉%'❤ &✉❜♠✐''❡❞ ♠❛♥✉&❝%✐♣'
✇❛& ❡✈❡♥'✉❛❧❧② ♣✉❜❧✐&❤❡❞✳ ■♥ ✶✾✽✺✱ '❤❡ ❛❝❝❡♣'❛♥❝❡ %❛'❡ &'✐❧❧ ❛♠♦✉♥'& '♦ ✶✹✪ ✇❤✐❝❤
✐& ❤✐❣❤❡% '❤❛♥ ✐♥ ❛❞❥❛❝❡♥' ②❡❛%&✳ ❋♦% '❤❡ ②❡❛% ✶✾✾✶✱ ♥♦ ♥♦'❛❜❧❡ ❝❤❛♥❣❡ ✐♥ '❤❡ ❛❝❝❡♣✲
'❛♥❝❡ %❛'❡ %❡&✉❧'&✳ ❚♦ &✉♠♠❛%✐③❡✱ '❤❡ %✐&❡ ✐♥ ♣✉❜❧✐&❤❡❞ ❛%'✐❝❧❡& ❝♦✐♥❝✐❞❡ ✇✐'❤ ❤✐❣❤❡%
❛❝❝❡♣'❛♥❝❡ %❛'❡&✳
❚❤❡&❡ ♣❡❝✉❧✐❛%✐'✐❡& ❛&✐❞❡✱ '❤❡ '%❡♥❞ '♦✇❛%❞& ❧♦✇❡% ❛❝❝❡♣'❛♥❝❡ %❛'❡& ❛' ◗❏❊ ✐& ✐♥
❧✐♥❡ ✇✐'❤ ❝❤❛♥❣❡& ✐♥ ♦'❤❡% ❤✐❣❤ %❛♥❦❡❞ ❡❝♦♥♦♠✐❝& ❥♦✉%♥❛❧&✳ ❈❛%❞ ❛♥❞ ❉❡❧❧❛❱✐❣♥❛
✭✷✵✶✸✮ &❤♦✇ '❤❛' ♠♦&' ♦❢ '❤❡&❡ ❥♦✉%♥❛❧& ❢❛❝❡❞ ❛ &✐❣♥✐✜❝❛♥' ✐♥❝%❡❛&❡ ✐♥ &✉❜♠✐&&✐♦♥&
%❡&✉❧'✐♥❣ &✐♠✉❧'❛♥❡♦✉&❧② ✐♥ &✉❜&'❛♥'✐❛❧❧② %❡❞✉❝❡❞ ❛❝❝❡♣'❛♥❝❡ %❛'❡&✳
✶✾
❆❣❣%❡❣❛'✐♥❣
'❤❡ %❡&✉❧'& ♦❢ ❛❧❧ '♦♣ ❥♦✉%♥❛❧&✱ '❤❡ ♣✉❜❧✐❝❛'✐♦♥& '♦ &✉❜♠✐&&✐♦♥& %❛'✐♦ ✐& ❛❜♦✉' ✵✳✶✵
✭300 : 2900✮ ✐♥ ✶✾✾✵ ❛♥❞ ❞❡❝❧✐♥❡& '♦ ✵✳✵✻ ✭320 : 5400 = 0.06✮ ✐♥ ✷✵✶✷✳ ❙♦❧❡ ❡①❝❡♣'✐♦♥
✐& '❤❡ ❆❊❘ '❤❛' %❡❛❝'❡❞ '♦ ✐♥❝%❡❛&✐♥❣ &✉❜♠✐&&✐♦♥& ❜② ♣✉❜❧✐&❤✐♥❣ ♠♦%❡ ❛%'✐❝❧❡& ♣❡%
②❡❛%✱ '❤❡%❡❜② ♠❛✐♥'❛✐♥✐♥❣ ❛♥ ❛❜♦✈❡ ❛✈❡%❛❣❡ ❛❝❝❡♣'❛♥❝❡ %❛'❡ ♦❢ 7.9% ✐♥ %❡❝❡♥' ②❡❛%&✳
❖✈❡%❛❧❧✱ '❤❡&❡ %❡&✉❧'& ❤✐❣❤❧✐❣❤' '❤❡ ✐♥❝%❡❛&❡❞ ❝♦♠♣❡'✐'✐♦♥ ❢♦% ♣✉❜❧✐❝❛'✐♦♥& ✐♥ ❤✐❣❤❧②
%❛♥❦❡❞ ❡❝♦♥♦♠✐❝& ❥♦✉%♥❛❧& ❛♠♦♥❣ &❝✐❡♥'✐&'&✳ V✉❜❧✐❝❛'✐♦♥& ✐♥ '❤❡&❡ ❥♦✉%♥❛❧& ❛%❡ ✈❡%②
❛''%❛❝'✐✈❡ &✐♥❝❡ '❤❡② ✉&✉❛❧❧② %❡❛❝❤ ❛ ✇✐❞❡% %❡❛❞❡%&❤✐♣ ❛♥❞✱ '❤✉&✱ ❤✐❣❤❡% ❝✐'❛'✐♦♥
❝♦✉♥'&✳ ■' ✐&✱ '❤❡%❡❢♦%❡✱ ♣❧❛✉&✐❜❧❡ '♦ ❛&&✉♠❡ '❤❛' ♣✉❜❧✐❝❛'✐♦♥ ❜✐❛& ✐&✱ ✜%&'✱ ❤✐❣❤❡%
✐♥ '♦♣ ❥♦✉%♥❛❧& '❤❛♥ ✐♥ ♠❡❞✐✉♠ %❛♥❦❡❞ ❥♦✉%♥❛❧&✱ ❛♥❞✱ &❡❝♦♥❞✱ ✐♥❝%❡❛&❡❞ ♦✈❡% '✐♠❡✳
❲❤❡%❡❛& ✇❡ ❞♦ ♥♦' ✐♥✈❡&'✐❣❛'❡ '❤❡ ✜%&' ❝♦♥❥❡❝'✉%❡ ✭❝♦♠♣❛%✐&♦♥ ♦❢ ❥♦✉%♥❛❧&✮ ✇❡ ❞♦
❛♥❛❧②③❡ '❤❡ &❡❝♦♥❞ ❤②♣♦'❤❡&✐& ✭❝♦♠♣❛%✐&♦♥ ♦❢ ♣✉❜❧✐❝❛'✐♦♥ ❜✐❛& ♦✈❡% '✐♠❡ ✐♥ ♦♥❡
❥♦✉%♥❛❧✮✳
✷✳✺✳✷ ❋$♦♠ '❤❡♦$② '♦ ❡♠♣✐$✐❝.
❆❧♦♥❣ ✇✐'❤ '❤❡ ❛❜♦✈❡ ❞✐&❝✉&&❡❞ ✐♥❝%❡❛&✐♥❣ ❝♦♠♣❡'✐'✐♦♥✱ ✇❡ ✐♥✈❡&'✐❣❛'❡ ✇❤❡'❤❡% '❤❡%❡
❛%❡ '%❡♥❞& ✐♥ ✇❤❛' ❦✐♥❞ ♦❢ %❡&❡❛%❝❤ ✐& ♣✉❜❧✐&❤❡❞✳ ❚❤✐& ②✐❡❧❞& ❢✉%'❤❡% ✐♠♣❧✐❝❛'✐♦♥&
❛❜♦✉' ❝❤❛♥❣✐♥❣ ❡①♣❡❝'❛'✐♦♥& ♦❢ ✇❤❛' '♦ ♣✉❜❧✐&❤ ❛♥❞ ✇✐'❤ ✇❤♦♠ '♦ ❝♦♠♣❡'❡✳ ■♥
♣❛%'✐❝✉❧❛%✱ ✇❡ ❤❛✈❡ ❛♥❛❧②③❡❞ '❤❡ %❛'✐♦ ♦❢ '❤❡♦%❡'✐❝❛❧✱ ❡♠♣✐%✐❝❛❧ ❛♥❞ ❞✐&❝✉&&✐♦♥ ♣❛♣❡%&✳
❋✐❣✉%❡ ✷✳✸ &❤♦✇& ❤♦✇ '❤❡ %❛'✐♦ ♦❢ '❤❡♦%❡'✐❝❛❧ '♦ ❡♠♣✐%✐❝❛❧ ❝♦♥'%✐❜✉'✐♦♥& ❝❤❛♥❣❡❞
✶✽✳ ❚♦ ❝❛❧❝✉❧❛)❡ )❤❡ ❛❝❝❡♣)❛♥❝❡ .❛)❡ ✇❡ ❢♦❧❧♦✇ )❤❡ ♣.♦❝❡❞✉.❡ ♦❢ ❈❛.❞ ❛♥❞ ❉❡❧❧❛❱✐❣♥❛ ✭✷✵✶✸✮ ❛♥❞
❞✐✈✐❞❡ )❤❡ ♥✉♠❜❡. ♦❢ ♣✉❜❧✐?❤❡❞ ❛.)✐❝❧❡? ❜② )❤❡ ❛✈❡.❛❣❡ ♦❢ ?✉❜♠✐??✐♦♥? ✐♥ )❤❡ )✇♦ ♣.❡✈✐♦✉? ②❡❛.?✳
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study theory discussion
❋✐❣✉$❡ ✷✳✸✿ ❈♦♠♣♦.✐/✐♦♥ ♦❢ /❤❡ ◗❏❊ ♦✈❡$ /✐♠❡✱ ✶✾✺✾ ✕ ✷✵✶✽
❚❤❡ ❣$❛♣❤ '❤♦✇' *❤❡ ♣$♦♣♦$*✐♦♥❛❧ ❞✐'*$✐❜✉*✐♦♥ ♦❢ *❤❡♦$❡*✐❝❛❧ ❛♥❞ ❡♠♣✐$✐❝❛❧ ❝♦♥*$✐❜✉*✐♦♥' ❛♥❞ ❞✐'✲
❝✉''✐♦♥' ✭❡✳❣✳ ♥♦*❡'✱ ❝♦♠♠❡♥*'✱ $❡♣❧✐❡'✮ ♦✈❡$ *❤❡ ♦❜'❡$✈❛*✐♦♥❛❧ ♣❡$✐♦❞✳ ❙❤♦✇♥ ❛$❡ '*❛❝❦❡❞ ♣$♦♣♦$✲
*✐♦♥'✳
♦✈❡$ /✐♠❡✳ ❯♥/✐❧ /❤❡ ❧❛/❡ ✶✾✽✵. ❛❜♦✉/ ✻✵✪ /♦ ✻✺✪ ✇❡$❡ /❤❡♦$❡/✐❝❛❧ ❝♦♥/$✐❜✉/✐♦♥.
❛♥❞ ♦♥❧② $♦✉❣❤❧② /❡♥ /♦ ✶✺ ♣❡$❝❡♥/ ♦❢ ♣✉❜❧✐.❤❡❞ ♣❛♣❡$. ✇❡$❡ ♦❢ ❡♠♣✐$✐❝❛❧ ♥❛/✉$❡✳
❚❤❡ $❡♠❛✐♥✐♥❣ ♣❛$/ ✇❡$❡ ❞✐.❝✉..✐♦♥.✳ ❚❤❡ ♣$♦♣♦$/✐♦♥ ♦❢ /❤❡♦$❡/✐❝❛❧ /♦ ❡♠♣✐$✐❝❛❧
♣❛♣❡$. ❡✈❡♥ .❧♦✇❧② ✐♥❝$❡❛.❡❞ ❢$♦♠ ✺✺✪ /♦ ✽✵✪ ❜❡/✇❡❡♥ ✶✾✻✵ ❛♥❞ ✶✾✾✵✳ ■♥ /❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ /❤❡ ✶✾✾✵.✱ ❤♦✇❡✈❡$✱ /❤✐. ♣❛//❡$♥ ./$♦♥❣❧② ❝❤❛♥❣❡❞✳ ❙/❛$/✐♥❣ ✇✐/❤ ❛❜♦✉/
✹✺✪ ❡♠♣✐$✐❝❛❧ ❝♦♥/$✐❜✉/✐♦♥. ✐♥ ✶✾✾✵✱ /❤✐. ✜❣✉$❡ ❝♦♥/✐♥✉♦✉.❧② ✐♥❝$❡❛.❡❞ /♦ ✼✵✪ ✐♥
✷✵✶✽✳ ❚♦ .✉♠ ✉♣✱ /❤✐. ❛♥❛❧②.✐. .❤♦✇. /❤❛/ /♦♣ ❡❝♦♥♦♠✐❝. ❤❛. .✉❜./❛♥/✐❛❧❧② ❝❤❛♥❣❡❞
❢$♦♠ ❛ ♣$❡❞♦♠✐♥❛♥/❧② /❤❡♦$❡/✐❝❛❧ /♦ ❛ ♣$❡❞♦♠✐♥❛♥/❧② ❡♠♣✐$✐❝❛❧ ❞✐.❝✐♣❧✐♥❡✳
✷✵
❖♥❡ $❡♠❛$❦❛❜❧❡ ❢❡❛/✉$❡ ✐♥ /❤❡ /$❡♥❞ ❞❛/❛ ✐. /❤❡ .❤❛$♣ ❧❡❛♣ ❢$♦♠ /❤❡♦$❡/✐❝❛❧ /♦ ❡♠✲
♣✐$✐❝❛❧ ♣❛♣❡$. ❛$♦✉♥❞ ✶✾✾✵✳ ❚❤✐. ♦❜.❡$✈❛/✐♦♥✱ ❤♦✇❡✈❡$✱ ✐. ❝♦♥.✐./❡♥/ ✇✐/❤ /❤❡ ❜❡❢♦$❡
♠❡♥/✐♦♥❡❞ ▼❛♥✐❢❡)*♦✳ ❚❤❡ ❡❞✐/♦$. ./❛/❡❞✿ ✏✇❡ ✇♦✉❧❞ ❧✐❦❡ /❤❡ ◗❏❊ /♦ ♣✉❜❧✐.❤ ♠♦$❡
❛$/✐❝❧❡. ❜❡②♦♥❞ ✐/. /$❛❞✐/✐♦♥❛❧✱ ♣$✐♠❛$✐❧② ♠✐❝$♦/❤❡♦$② ❞♦♠❛✐♥✱ /❤❛/ ✐.✱ /♦ ❜❡❝♦♠❡
♠♦$❡ ❢✉❧❧② ❛ ❣❡♥❡$❛❧ ❥♦✉$♥❛❧✳ ❬✳✳✳❪ ❲❡ ✇♦✉❧❞ ❡.♣❡❝✐❛❧❧② ✇❡❧❝♦♠❡ .✉❜♠✐..✐♦♥. ✐♥
♠❛❝$♦❡❝♦♥♦♠✐❝.✱ ❜♦/❤ ❡♠♣✐$✐❝❛❧ ❛♥❞ /❤❡♦$❡/✐❝❛❧✑ ✭❇❧❛♥❝❤❛$❞ ❡/ ❛❧✳✱ ✶✾✽✺✱ ♣✳ ✐✐✐✮✳ ■/
✐. .✉$♣$✐.✐♥❣ /❤❛/ /❤❡ /$❛♥.✐/✐♦♥ ❢$♦♠ /❤❡♦$② /♦ ❡♠♣✐$✐❝. ✇❛. .♦ ❛❜$✉♣/❀ ❤♦✇❡✈❡$ ✐/
♠❛/❝❤❡. /❤❡ ❞❛/❡ ♦❢ /❤❡ ♠❛♥✐❢❡./♦ ✐♥ ✶✾✽✺ ❛♥❞ $❡.♣❡❝/✐✈❡ /✐♠❡ ❧❛❣. ❞✉❡ /♦ .✉❜♠✐.✲
.✐♦♥.✱ $❡✈✐❡✇. ❛♥❞ ❛❧❧♦❝❛/✐♥❣ ❛❝❝❡♣/❡❞ ♠❛♥✉.❝$✐♣/. /♦ ✉♣❝♦♠✐♥❣ ✐..✉❡.✳ ❋✉$/❤❡$✱ /❤❡
/$❛♥.✐/✐♦♥ ✐. ❝♦♥.✐./❡♥/ ✇✐/❤ $❡.✉❧/. ❢$♦♠ ♦/❤❡$ ./✉❞✐❡. /❤❛/ ❢♦✉♥❞ ❛ .✐♠✐❧❛$ ✐♥❝$❡❛.❡
♦❢ ❡♠♣✐$✐❝❛❧ ./✉❞✐❡. ✐♥ ❡❝♦♥♦♠✐❝. ✐♥ /❤❡ ❡❛$❧② ✶✾✾✵. ✭❡✳❣✳ ❍❛♠❡$♠❡.❤✱ ✷✵✶✸✮✳
❚❤❡.❡ $❡.✉❧/. ❛❧$❡❛❞② ❡♥/❛✐❧ ❛ ✜$./ ✐♠♣♦$/❛♥/ ❝♦♥❝❧✉.✐♦♥ $❡❣❛$❞✐♥❣ /❤❡ /✐♠❡ /$❡♥❞
✷✵✳◆♦*❡ *❤❛* *❤❡♦$❡*✐❝❛❧ ❛♥❞ ❡♠♣✐$✐❝❛❧ ❝♦♥*$✐❜✉*✐♦♥' ❞✐✛❡$ ♦♥❧② ♠❛$❣✐♥❛❧❧② $❡❣❛$❞✐♥❣ *❤❡✐$ ❛✈❡$✲
❛❣❡ ❧❡♥❣*❤✱ ❜♦*❤ ❝$♦''✲'❡❝*✐♦♥❛❧ ❛♥❞ ♦✈❡$ *✐♠❡✳ ❚❤✉'✱ *❤❡ $❡❧❛*✐✈❡ ♣$♦♣♦$*✐♦♥ ✐♥ ❛❜'♦❧✉*❡ ♥✉♠❜❡$'
♦❢ ♣✉❜❧✐❝❛*✐♦♥' '✐♠✉❧*❛♥❡♦✉'❧② $❡✢❡❝*' *❤❡ ❥♦✉$♥❛❧ ✈♦❧✉♠❡ *❤❡'❡ ❝♦♥*$✐❜✉*✐♦♥' ♦❝❝✉♣② ✇✐*❤✐♥ *❤❡
◗❏❊✳
✹✺
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    1965         1975         1985         1995         2005         2015  
❋✐❣✉$❡ ✷✳✹✿ ❙❛♠♣❧❡ /✐③❡/ ♦✈❡$ 3✐♠❡
2❛♥❡❧ ❆ (❤♦✇( (❛♠♣❧❡ (✐③❡( ♦✈❡% $✐♠❡✳ ❊❛❝❤ ❞♦$ %❡♣%❡(❡♥$( $❤❡ %❡(♣❡❝$✐✈❡ (❛♠♣❧❡ (✐③❡ ♦❢ ❛ (✐♥❣❧❡
❝♦❡✣❝✐❡♥$ ♦❢ ♦✉% ❝♦❡✣❝✐❡♥$ ❞❛$❛ (❡$✳ ❚❤❡ (❛♠♣❧❡ (✐③❡ ✇❛( ❧♦❣✲$%❛♥(❢♦%♠❡❞ $♦ ❛❝❝♦✉♥$ ❢♦% ✈❡%②
❧❛%❣❡ (❛♠♣❧❡ (✐③❡(✳ ❚❤❡ ❧✐♥❡ ✐♥❞✐❝❛$❡( ❛ ❧♦❝❛❧❧② ✇❡✐❣❤$❡❞ %❡❣%❡((✐♦♥✳ 2❛♥❡❧ ❇ (❤♦✇( $❤❡ ♠❡❞✐❛♥
(❛♠♣❧❡ (✐③❡( ❢♦% ❡❛❝❤ ②❡❛%✳
♦❢ ♣✉❜❧✐❝❛3✐♦♥ ❜✐❛/✿ ❊✈❡♥ ✐❢ ♣✉❜❧✐❝❛3✐♦♥ ❜✐❛/ ✇❛/ ❛❧$❡❛❞② ♣$❡/❡♥3 ✐♥ 3❤❡ ◗❏❊ ✐♥ 3❤❡
❡❛$❧✐❡$ ❞❡❝❛❞❡/ ♦❢ ♦✉$ ♦❜/❡$✈❛3✐♦♥ ♣❡$✐♦❞✱ 3❤❡ ♦✈❡$❛❧❧ ✐♠♣❛❝3 ✇♦✉❧❞ /3✐❧❧ ❜❡ $❡❧❛3✐✈❡❧②
/♠❛❧❧ ❜❡3✇❡❡♥ ✶✾✻✵ ❛♥❞ ✶✾✾✵✱ /✐♥❝❡ ✐3 ❝♦✉❧❞ ❤❛✈❡ ♦♥❧② ❛✛❡❝3❡❞ $♦✉❣❤❧② 3❡♥ ♣❡$❝❡♥3
♦❢ 3❤❡ ♣✉❜❧✐/❤❡❞ ❧✐3❡$❛3✉$❡✳
✷✳✺✳✸ ❚♦✇❛(❞* ♠♦(❡ ❝♦♠♣❧❡① ❛♥❛❧②*❡*
❲❡ ♥♦✇ 3✉$♥ 3♦ 3❤❡ ❈♦❡✣❝✐❡♥* ❞❛*❛ -❛♠♣❧❡✳ ❲❡ $❡❢❡$ 3♦ ❚❛❜❧❡ ✷✳✸ ✐♥ 3❤❡ ❛♣♣❡♥❞✐① ❢♦$
❛♥ ♦✈❡$✈✐❡✇ ♦❢ 3❤❡ ♥✉♠❜❡$ ♦❢ 3❡/3 /3❛3✐/3✐❝/ ♣❡$ ②❡❛$✳ ❚❤❡ ♥✉♠❜❡$ ♦❢ ❝♦❡✣❝✐❡♥3/ ♣❡$
❛$3✐❝❧❡ ✐♥❝$❡❛/❡/ /✐❣♥✐✜❝❛♥3❧② ♦✈❡$ 3✐♠❡✳ ■♥ 3❤❡ ✜$/3 ❞❡❝❛❞❡ ✭✶✾✺✾✕✶✾✻✽✮ ✇❡ ❡①3$❛❝3❡❞
♦♥ ❛✈❡$❛❣❡ ✶✷✳✹ ❝♦❡✣❝✐❡♥3/ ♣❡$ ❛$3✐❝❧❡✳ ❚❤❡ $❛3✐♦ ♦❢ ❝♦❡✣❝✐❡♥3/ 3♦ ❛$3✐❝❧❡/ $✐/❡/ 3♦
✷✾✳✹ ✐♥ 3❤❡ ♠♦/3 $❡❝❡♥3 ❞❡❝❛❞❡ ✭✷✵✵✾✕✷✵✶✽✮✳ ❲❡ ✐♥3❡$♣$❡3 3❤✐/ ❛/ ❛ /✐❣♥ ♦❢ ✐♥❝$❡❛/✐♥❣
❝♦♠♣❧❡①✐3② ♦❢ 3❤❡ ❛♥❛❧②/❡/✳ ❘❡♠❡♠❜❡$ 3❤❛3 ✇❡ ♦♥❧② ❡①3$❛❝3❡❞ ❝♦$❡ ❝♦❡✣❝✐❡♥3/ 3❤❛3
✇❡$❡ $❡❧❡✈❛♥3 ❢♦$ 3❤❡ ❞❡❝✐/✐♦♥ ❢♦$ ♦$ ❛❣❛✐♥/3 3❤❡ ❤②♣♦3❤❡/✐/ ♦❢ ✐♥3❡$❡/3✳ ❲❡ ❞✐❞ ♥♦3
❡①3$❛❝3 ❝♦❡✣❝✐❡♥3/ ❢$♦♠ $❛♥❞♦♠✐③❛3✐♦♥ ❝❤❡❝❦/ ♦$ $♦❜✉/3♥❡// 3❡/3/ ❛♥❞ ✇❡ ❢✉$3❤❡$
♠❛❞❡ /✉$❡ ♥♦3 3♦ ❡①3$❛❝3 ♠✉❧3✐♣❧❡ ❝♦❡✣❝✐❡♥3/ ❢$♦♠ /♣❡❝✐✜❝❛3✐♦♥/ ❜✉✐❧❞✐♥❣ ✉♣♦♥
❡❛❝❤ ♦3❤❡$✳ ■3 ✐/ 3❤❡$❡❢♦$❡ ♣❧❛✉/✐❜❧❡ 3♦ ❛33$✐❜✉3❡ 3❤❡ $✐/❡♥ ♥✉♠❜❡$ ♦❢ ❝♦❡✣❝✐❡♥3/ ♣❡$
❛$3✐❝❧❡ 3♦ ♠♦$❡ ❝♦♠♣❧❡① ❛♥❞ ❝♦♠♣$❡❤❡♥/✐✈❡ ❛♥❛❧②/❡/✳ ❚❤✐/ ✐/ ❢✉$3❤❡$ ✉♥❞❡$❧✐♥❡❞ ❜②
3❤❡ ✐♥❝$❡❛/✐♥❣ ❧❡♥❣3❤ ♦❢ 3❤❡ ❛$3✐❝❧❡/ ✐♥ $❡❝❡♥3 ②❡❛$/ ❛/ ✇❛/ /❤♦✇♥ ✐♥ 3❤❡ ♣$❡✈✐♦✉/
/❡❝3✐♦♥✳
■♥ 3❛♥❞❡♠ ✇✐3❤ ✐♥❝$❡❛/✐♥❣❧② ♠♦$❡ ❝♦♠♣❧❡① ❛♥❛❧②/❡/✱ /❛♠♣❧❡ /✐③❡/ ❤❛✈❡ ✐♥❝$❡❛/❡❞✳
✹✻
❋✐❣✉$❡ ✺✳✷✱ ♣❛♥❡❧ ❆✱ /❤♦✇/ 3❤❡ $❛✇ ❞✐/3$✐❜✉3✐♦♥ ♦❢ /❛♠♣❧❡ /✐③❡/ ♦✈❡$ 3✐♠❡✳ ❲❡ ❧♦❣✲
3$❛♥/❢♦$♠❡❞ 3❤❡ /❛♠♣❧❡ /✐③❡ 3♦ ✈✐/✉❛❧❧② ❛❝❝♦✉♥3 ❢♦$ ✈❡$② ❧❛$❣❡ /❛♠♣❧❡ /✐③❡/✳ ❚❤❡
$♦✉❣❤❧② ❧✐♥❡❛$ ✐♥❝$❡❛/❡ ♦❢ 3❤❡ ❧♦❣❛$✐3❤♠✐③❡❞ /❛♠♣❧❡ /✐③❡ /✉❣❣❡/3/ ❛♥ ❡①♣♦♥❡♥3✐❛❧
✐♥❝$❡❛/❡ ✇❤✐❝❤ ✐/ ❢✉$3❤❡$ ✉♥❞❡$❧✐♥❡❞ ❜② 3❤❡ ♠❡❞✐❛♥ ♦❢ /❛♠♣❧❡ /✐③❡/ /❤♦✇♥ ✐♥ ♣❛♥❡❧
❇✳ ❲❤✐❧❡ 3❤❡ ♠❡❞✐❛♥ /❛♠♣❧❡ /✐③❡ ✐/ ✺✷ ❜❡❢♦$❡ ✶✾✾✵✱ ✐3 ✐♥❝$❡❛/❡/ 3♦ ✶✾✵✹ ❛❢3❡$ ✶✾✾✵✳
❚❤❡ 3$❡♥❞/ 3♦✇❛$❞/ ♠♦$❡ ❝♦♠♣❧❡① ❛♥❛❧②/❡/ ✇✐3❤ ❧❛$❣❡$ /❛♠♣❧❡/ ✐/ ♣❛$3❧② ❞$✐✈❡♥ ❜②
3❡❝❤♥♦❧♦❣✐❝❛❧ ❛♥❞ ❝♦♠♣✉3❛3✐♦♥❛❧ ♣$♦❣$❡// ❜✉3 ♠❛② ❛❧/♦ ❜❡ ❛♥ ✐♥❞✐❝❛3✐♦♥ 3❤❛3 3❤❡
❡①♣❡❝3❛3✐♦♥/ ❢$♦♠ ♠❛♥✉/❝$✐♣3/ ❡❧✐❣✐❜❧❡ ❢♦$ 3♦♣ ❥♦✉$♥❛❧/ ❤❛/ $✐/❡♥✱ ❝♦♥3$✐❜✉3✐♥❣ 3♦
3❤❡ ♥♦3✐♦♥ ♦❢ ❛♥ ✐♥❝$❡❛/✐♥❣ ♣$❡//✉$❡ 3♦ ♣✉❜❧✐/❤ ♦$ ♣❡$✐/❤✳
✷✳✺✳✹ ❚%❡♥❞) ✐♥ )✐❣♥✐✜❝❛♥/ ✜♥❞✐♥❣)
❚❤❡ ❛❜♦✈❡ ❞♦❝✉♠❡♥3❡❞ /3$♦♥❣ ✐♥❝$❡❛/❡ ✐♥ /❛♠♣❧❡ /✐③❡/ ♠❛② ❜❡ ❧✐♥❦❡❞ 3♦ 3$❡♥❞/ ✐♥
$❡♣♦$3✐♥❣ ♠♦$❡ /✐❣♥✐✜❝❛♥3 ✜♥❞✐♥❣/✳ ❲❡ ❢♦❧❧♦✇ 3❤✐/ ❝♦♥❥❡❝3✉$❡ ❛❧/♦ ❜❛/❡❞ ♦♥ ❋❛♥❡❧❧✐
✭✷✵✶✷✮ ✇❤♦ $❡♣♦$3 3❤❛3 ✐♥/✐❣♥✐✜❝❛♥3 $❡/✉❧3/ ✐♥❝$❡❛/✐♥❣❧② ✈❛♥✐/❤ ❢$♦♠ 3❤❡ ♣✉❜❧✐/❤❡❞
❧✐3❡$❛3✉$❡✳ ❚❤❡ /❛♠♣❧❡ /✐③❡ ✐/ ❞✐$❡❝3❧② ❧✐♥❦❡❞ 3♦ 3❤❡ /✐❣♥✐✜❝❛♥❝❡ ♦❢ ❛ 3❡/3 /3❛3✐/3✐❝✳
❍♦❧❞✐♥❣ ✜① 3❤❡ ✈❛❧✉❡ ♦❢ ❛ 3❡/3 /3❛3✐/3✐❝✱ ❧❛$❣❡$ /❛♠♣❧❡ /✐③❡/ ❝♦$$❡/♣♦♥❞ ✇✐3❤ ❤✐❣❤❡$
/✐❣♥✐✜❝❛♥❝❡✳ ❚❤❡$❡❢♦$❡✱ ✇❡ ♥♦✇ ✐♥✈❡/3✐❣❛3❡ ✇❤❡3❤❡$ ❝❤❛♥❣❡/ ✐♥ /❛♠♣❧❡ /✐③❡/ ❛✛❡❝3❡❞
3❤❡ ❞✐/3$✐❜✉3✐♦♥ ♦❢ /✐❣♥✐✜❝❛♥3 $❡/✉❧3/✳
❋✐❣✉$❡ ✷✳✺ ❞✐/♣❧❛②/ 3❤❡ ❞✐/3$✐❜✉3✐♦♥ ♦❢ /✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧/ ♦✈❡$ 3✐♠❡ ❢♦$ ✉♥✇❡✐❣❤3❡❞
❞❛3❛✳ ❙✐①3②✲❢♦✉$ ✪ ♣❡$❝❡♥3 ♦❢ 3❤❡ ❝♦❡✣❝✐❡♥3/ ❛$❡ /✐❣♥✐✜❝❛♥3 ❛3 ❧❡❛/3 ❛3 3❤❡ ✶✵ ♣❡$❝❡♥3
/✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ✺ ♣❡$❝❡♥3 /✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✇❛/ ♠❡3 ❜② ✺✻✪ ♦❢ 3❤❡ ❝♦❡✣❝✐❡♥3/
❛♥❞ 3❤❡ ✶ ♣❡$❝❡♥3 /✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✇❛/ ♠❡3 ❜② ✹✶✪ ♦❢ 3❤❡ ❝♦❡✣❝✐❡♥3/✳ ❖♥❧② ✸✻✪
♦❢ 3❤❡ ❝♦❡✣❝✐❡♥3/ ✐♥ ♦✉$ ❝♦❡✣❝✐❡♥& ❞❛&❛ )❡& ❛$❡ ♥♦3 /✐❣♥✐✜❝❛♥3 ❛3 ❛♥② ❝♦♥✈❡♥3✐♦♥❛❧
/✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳
❲❤❡$❡❛/ ♣$❡✈✐♦✉/ $❡/❡❛$❝❤ ❞♦❝✉♠❡♥3❡❞ ❛ /3$♦♥❣ 3$❡♥❞ 3♦✇❛$❞/ ✐♥❝$❡❛/✐♥❣❧② /✐❣♥✐❢✲
✐❝❛♥3 $❡/✉❧3/ ✭❡✳❣✳✱ ❋❛♥❡❧❧✐✱ ✷✵✶✷✮✱ ♦✉$ ❞❛3❛ ❞♦❡/ ♥♦3 ❝♦♥✜$♠ 3❤✐/ ❞❡✈❡❧♦♣♠❡♥3 ❢♦$
3❤❡ ❡❝♦♥♦♠✐❝ ❧✐3❡$❛3✉$❡✳ ❚❤❡ ♣❛33❡$♥ $❡♠❛✐♥/ $❡❧❛3✐✈❡❧② /3❛❜❧❡ ✇✐3❤✐♥ 3❤❡ ♦❜/❡$✈❡❞
♣❡$✐♦❞ ✇✐3❤ ❤✐❣❤❡$ ✈♦❧❛3✐❧✐3② ✐♥ ❡❛$❧✐❡$ ②❡❛$/✱ ♣$♦❜❛❜❧② ❞✉❡ 3♦ 3❤❡ /♠❛❧❧❡$ /❛♠♣❧❡
/✐③❡/ ❛♥❞ ❞❡❣$❡❡/ ♦❢ ❢$❡❡❞♦♠✳
✷✶
❚❤❡ ♣$❡✈❛❧❡♥❝❡ ♦❢ /✐❣♥✐✜❝❛♥3 $❡/✉❧3/ ✐♥ ❣❡♥❡$❛❧ ❛♥❞
3❤❡ ❞✐/3$✐❜✉3✐♦♥ ♦❢ /✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧/ ❞♦❡/ ♥♦3 /❡❡♠ 3♦ ❝❤❛♥❣❡ ✇✐3❤ ②❡❛$/✳
❲❡ ♣❡$❢♦$♠❡❞ $♦❜✉/3♥❡// ❝❤❡❝❦/ ♦❢ 3❤❡ 3$❡♥❞/ ✐♥ /✐❣♥✐✜❝❛♥3 ✜♥❞✐♥❣/ ❜② ❛♥❛❧②③✐♥❣ 3❤❡
✷✶✳ ❊✈❡♥ '❤♦✉❣❤ ❛ -❧✐❣❤' ❞1♦♣ ♠✐❣❤' ❜❡ ✐❞❡♥'✐✜❡❞ ❢♦1 '❤❡ ✶✵ ❛♥❞ ✺ ♣❡1❝❡♥' -✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱
❛ ;✉❛♥'✐'❛'✐✈❡ ❛♥❛❧②-✐- ❞♦❡- ♥♦' ❝♦♥✜1♠ '❤✐- ❝♦♥❥❡❝'✉1❡✳ ❆♣♣❡♥❞✐① ❚❛❜❧❡ ✷✳✹✱ ❝♦❧✉♠♥- ✭✶✮✱ ✭✸✮
❛♥❞ ✭✺✮✱ -❤♦✇ '❤❡ ❝♦11❡-♣♦♥❞✐♥❣ 1❡-✉❧'- ♦❢ ❧♦❣✐-'✐❝ 1❡❣1❡--✐♦♥- ✇❤❡1❡ '❤❡ ❞❡♣❡♥❞❡♥' ✈❛1✐❛❜❧❡- ❛1❡
✐♥❞✐❝❛'♦1- ❢♦1 ✇❤❡'❤❡1 '❤❡ ❝♦❡✣❝✐❡♥' ✐- -✐❣♥✐✜❝❛♥' ♦♥ '❤❡ ✶✵✱ ✺ ♦1 ✶ ♣❡1❝❡♥' ❧❡✈❡❧✳ ❆❧'❤♦✉❣❤ '❤❡









1965 1975 1985 1995 2005 2015
0.1 0.05 0.01
❋✐❣✉$❡ ✷✳✺✿ *$♦♣♦$-✐♦♥ ♦❢ ❙✐❣♥✐✜❝❛♥❝❡ ▲❡✈❡❧7 ♦✈❡$ -✐♠❡✱ ✶✾✺✾ ✕ ✷✵✶✽
❲❡ ♣❧♦% %❤❡ ❞✐)%*✐❜✉%✐♦♥ ♦❢ )✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧) ♦✈❡* %✐♠❡ ❢♦* %❤❡ ❢✉❧❧ )❛♠♣❧❡ ♦❢ ❝♦❡✣❝✐❡♥%)✱ ◆❂✶✹✳✵✾✵✳
❉❛%❛ ✐) ✉♥✇❡✐❣❤%❡❞✳ ❚❤❡ ❧✐♥❡) *❡♣*❡)❡♥% %❤❡ )❤❛*❡ ♦❢ ❝♦❡✣❝✐❡♥%) *❡❛❝❤✐♥❣ ❛ )✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦❢
✶✵✪ ✭)♦❧✐❞✮✱ ✺✪ ✭❞❛)❤❡❞✮ ♦* ✶✪ ✭❞♦%%❡❞✮✱ *❡)♣❡❝%✐✈❡❧②✳
❞❛-❛ ✇❡✐❣❤-❡❞ ❜② -❤❡ ♥✉♠❜❡$ ♦❢ ❝♦❡✣❝✐❡♥-7 ♣❡$ ❛$-✐❝❧❡✳ ❚❤✐7 ❡♥7✉$❡7 ❣✐✈✐♥❣ ❡F✉❛❧
✇❡✐❣❤- -♦ ❛$-✐❝❧❡7 ✇✐-❤ $❡❧❛-✐✈❡❧② ❢❡✇ ❝♦❡✣❝✐❡♥-7 ✐♥ ❝♦♠♣❛$✐7♦♥ -♦ ❛$-✐❝❧❡7 ✇✐-❤ ♠❛♥②
❝♦❡✣❝✐❡♥-7 ✭7❡❡ ❋✐❣✉$❡ ✷✳✾ ✐♥ -❤❡ ❛♣♣❡♥❞✐①✮✳ ❚❤❡ ❞✐7-$✐❜✉-✐♦♥ ♦❢ 7✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧7
$❡♠❛✐♥7 7-❛❜❧❡ ♦✈❡$ -✐♠❡✳ ❨❡-✱ -❤❡ ♦✈❡$❛❧❧ 7✐❣♥✐✜❝❛♥❝❡ ✐7 7❧✐❣❤-❧② ❤✐❣❤❡$ ❢♦$ ✇❡✐❣❤-❡❞
❞❛-❛✳ ❙✐♥❝❡ -❤❡ ✇❡✐❣❤-❡❞ ❞❛-❛ ❣✐✈❡7 $❡❧❛-✐✈❡❧② ♠♦$❡ ✇❡✐❣❤- -♦ ❛$-✐❝❧❡7 ✇✐-❤ ❧❡77
❝♦❡✣❝✐❡♥-7✱ -❤✐7 ✐♠♣❧✐❡7 -❤❛- ❛$-✐❝❧❡7 $❡♣♦$-✐♥❣ ❢❡✇❡$ ❝♦❡✣❝✐❡♥-7 $❡♣♦$- ♠♦$❡ ♦❢-❡♥
7✐❣♥✐✜❝❛♥- ❡✛❡❝-7✳
✷✷
✷✳✻ ❘❡%✉❧(% ♦♥ ♣✉❜❧✐❝❛(✐♦♥ ❜✐❛% ✐♥ ❡❝♦♥♦♠✐❝%
✷✳✻✳✶ ❈%♦''✲'❡❝+✐♦♥❛❧ ✈✐'✉❛❧ ❛♥❛❧②'✐' ♦❢ ♣✉❜❧✐❝❛+✐♦♥ ❜✐❛'
❲❡ ✜$7- ❛♥❛❧②③❡ ✇❤❡-❤❡$ ♦✉$ ❞❛-❛ ❣❡♥❡$❛❧❧② ✐♥❞✐❝❛-❡7 ♣✉❜❧✐❝❛-✐♦♥ ❜✐❛7✱ ♣♦♦❧✐♥❣ ❛❧❧
❝♦❡✣❝✐❡♥-7 ♦✈❡$ -✐♠❡✳
✷✸
❚❤❡ ♠♦7- ❞✐$❡❝- ❛♥❛❧②7✐7 ♦❢ ♣✉❜❧✐❝❛-✐♦♥ ❜✐❛7 ✐♥7♣❡❝-7 ✇❤❡-❤❡$
-❤❡$❡ ❛$❡ ✉♥♥❛-✉$❛❧ 7♣✐❦❡7 ✐♥ -❤❡ ❞✐7-$✐❜✉-✐♦♥ ♦❢ -❡7- 7-❛-✐7-✐❝7 ❛- -❤❡ ❝♦♠♠♦♥ ❧❡✈❡❧7
♦❢ 7-❛-✐7-✐❝❛❧ 7✐❣♥✐✜❝❛♥❝❡✳ ❋✐❣✉$❡ ✷✳✻ 7❤♦✇7 -❤❡ ❞✐7-$✐❜✉-✐♦♥ ♦❢ -❡7- 7-❛-✐7-✐❝7 ❢♦$
-❤❡ ❢✉❧❧ 7❛♠♣❧❡✳ *❛♥❡❧ ❆ 7❤♦✇7 -❤❡ $❛✇ ❛♥❞ ✉♥✇❡✐❣❤-❡❞ ❞❛-❛✳ ❚❤❡ ❞✐7-$✐❜✉-✐♦♥ ✐7
♦❢ $❡♠❛$❦❛❜❧❡ 7❤❛♣❡ ❛♥❞ 7-$✐❦✐♥❣❧② $❡7❡♠❜❧❡7 -❤❡ ♣❛--❡$♥7 ❞♦❝✉♠❡♥-❡❞ ❜② ❇$♦❞❡✉$
❡- ❛❧✳ ✭✷✵✶✻✮✳ ❲❡ ✜♥❞ ❛ ❜✐♠♦❞❛❧ ❞✐7-$✐❜✉-✐♦♥ ❢♦$ ✇❤✐❝❤ -❤❡ ❦❡$♥❡❧ ❞❡♥7✐-② ❡7-✐♠❛-❡
✷✷✳❲❡ ❛❞❞ %❤❡ ♥✉♠❜❡* ♦❢ ❝♦❡✣❝✐❡♥%) ♣❡* ❛*%✐❝❧❡ %♦ %❤❡ ❧♦❣✐)%✐❝ *❡❣*❡))✐♦♥) *❡♣♦*%❡❞ ✐♥ ❛♣♣❡♥❞✐①
❚❛❜❧❡ ✷✳✹ ❢♦* ❛ H✉❛♥%✐%❛%✐✈❡ ❛♥❛❧②)✐)✳ ❚❤❡ *❡)✉❧%) ✐♥ ❝♦❧✉♠♥ ✭✷✮✱ ✭✹✮ ❛♥❞ ✭✻✮ ❝♦♥✜*♠ %❤❡ ✈✐)✉❛❧
✐♥%❡*♣*❡%❛%✐♦♥✳ ❚❤❡ ♠♦*❡ ❝♦❡✣❝✐❡♥%) ❛ ♣❛♣❡* *❡♣♦*%) %❤❡ ❧❡)) ❧✐❦❡❧② ✐% ✐) %❤❛% ❛ )✐♥❣❧❡ ❝♦❡✣❝✐❡♥%
*❡♣♦*%❡❞ ✐♥ %❤❛% ♣❛♣❡* ✐) )✐❣♥✐✜❝❛♥%✳
✷✸✳ L❧❡❛)❡ ♥♦%❡ %❤❛% ✇❡ ❡①❝❧✉❞❡ ♦♥❡✲%❛✐❧❡❞ %❡)% )%❛%✐)%✐❝) ✭n = 285 ❢♦* ❛❧❧ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②)❡)✳✮
✹✽
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z statistics










0.16 1.96 3.76 5.56 7.36 9.16
z statistics










0.16 1.96 3.76 5.56 7.36 9.16
z statistics
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❋✐❣✉$❡ ✷✳✻✿ ❉✐+,$✐❜✉,✐♦♥ ♦❢ ❚❡+, ❙,❛,✐+,✐❝+✱ ✶✾✺✾ ✕ ✷✵✶✽
❚❤❡ ❣-❛♣❤1 1❤♦✇ $❤❡ ❞✐1$-✐❜✉$✐♦♥ ♦❢ $❡1$ 1$❛$✐1$✐❝1✳ ■♥ ♣❛♥❡❧ ❇ ❛♥❞ ❉ $❤❡ ❞❛$❛ ✐1 ✇❡✐❣❤$❡❞ ❜②
♥✉♠❜❡- ♦❢ ❝♦❡✣❝✐❡♥$1 ♣❡- ❛-$✐❝❧❡✳ ❚❤❡ ❣-❛♣❤1 ♦❢ ♣❛♥❡❧ ❈ ❛♥❞ ❉ ❛-❡ ❜❛1❡❞ ♦♥ $❡1$ 1$❛$✐1$✐❝1 ✇✐$❤
✐♠♣✉$❡❞ ❞❡❝✐♠❛❧1✳ ❚❤❡ -❡❞ ❧✐♥❡1 ✐♥❞✐❝❛$❡✱ ✐♥ $❤❛$ ♦-❞❡-✱ $❤❡ ✈❛❧✉❡1 ✶✳✻✹ ✭✶✵ ♣❡-❝❡♥$ 1✐❣♥✐✜❝❛♥❝❡
❧❡✈❡❧✮✱ ✶✳✾✻ ✭✺ ♣❡-❝❡♥$ 1✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✮ ❛♥❞ ✷✳✺✽ ✭✶ ♣❡-❝❡♥$ 1✐❣♥✜❝❛♥❝❡ ❧❡✈❡❧✮✳
♣$♦♠♣,+ ❧♦❝❛❧ ♠❛①✐♠❛ ❛$♦✉♥❞ z = 2.1 ❛♥❞ z = 0.5 ❛♥❞ ❛ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ❛$♦✉♥❞
z = 1.3✳ ❚❤❡ ♣♦+✐,✐♦♥ ♦❢ ,❤❡ +❡❝♦♥❞ ❧♦❝❛❧ ♠❛①✐♠❛ ❛, z = 2.1 ✐♥❞✐❝❛,❡+ ❛ ❝❧✉+,❡$✐♥❣ ♦❢
$❡+✉❧,+ ,❤❛, ❛$❡ +✐❣♥✐✜❝❛♥, ✇✐,❤ ❛, ❧❡❛+, ✺ ♣❡$❝❡♥, ❛♥❞ ❝♦♥✜$♠+ ,❤❡ ❛❣❣$❡❣❛,❡ $❡+✉❧,+
❢♦$ ,❤❡ +✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧+ ❢$♦♠ ❜❡❢♦$❡✳
❚❤❡ ❞❛,❛ +❤♦✇+ ❛♥ ❛❝❝✉♠✉❧❛,✐♦♥ ♦❢ +✐❣♥✐✜❝❛♥, ✜♥❞✐♥❣+ ❛♥❞ ❛♥ ♦✈❡$✲$❡♣$❡+❡♥,❛,✐♦♥
♦❢ +✐❣♥✐✜❝❛♥, $❡+✉❧,+ ❥✉+, ❛❜♦✈❡ ,❤❡ ,❤$❡+❤♦❧❞+ ♦❢ +✐❣♥✐✜❝❛♥❝❡ ✭✐✳❡✳ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛+✮✳
❚❤❡+❡ ,✇♦ ♦❜+❡$✈❛,✐♦♥+ ❛$❡ ❝♦♥+✐+,❡♥, ✇✐,❤ ,✇♦ ❡①♣❧❛♥❛,✐♦♥+✳ ❋✐$+,✱ $❡+❡❛$❝❤❡$+ ♦❢,❡♥
,❡+, ♣❧❛✉+✐❜❧❡ ❤②♣♦,❤❡+❡+ +✉♣♣♦$,❡❞ ❜② ,❤❡♦$❡,✐❝❛❧ ❝♦♥+✐❞❡$❛,✐♦♥+ ,❤❛, ❤❛✈❡ ❛ ❣♦♦❞
❝❤❛♥❝❡ ,♦ ②✐❡❧❞ +✐❣♥✐✜❝❛♥, ✜♥❞✐♥❣+✳ ❙❡❝♦♥❞✱ ,❤❡ ❝❧✉+,❡$✐♥❣ ❛, z = 2.1 +✉❣❣❡+,+ ❛♥
♦✈❡$✲$❡♣$❡+❡♥,❛,✐♦♥ ♦❢ +✐❣♥✐✜❝❛♥, $❡+✉❧,+ ❞✉❡ ,♦ ♣$❡❢❡$❡♥,✐❛❧ +❡❧❡❝,✐♦♥ ♦$ ♠❛♥✐♣✉❧❛,✐♦♥
✇❤✐❝❤ ❝♦$$❡+♣♦♥❞+ ✇✐,❤ ♦✉$ ♥❛$$♦✇❡$ ✐♥,❡$♣$❡,❛,✐♦♥ ♦❢ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛+✳ ❊✈❡♥ ,❤♦✉❣❤
✇❡ ❝❛♥ ♥♦, ❡①♣❧✐❝✐,❧② ,❡+, ,❤❡ ✜$+, ❡①♣❧❛♥❛,✐♦♥ ✇❡ ❛❝❦♥♦✇❧❡❞❣❡ ,❤❛, ✐, ✐+ ✉♥❛❜❧❡ ,♦
❢✉❧❧② ❛❝❝♦✉♥, ❢♦$ ,❤❡ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ❛, z = 1.2 ❛♥❞ ,❤❡ ✈❛❧❧❡② ❜❡,✇❡❡♥ z = 1 ❛♥❞
z = 1.6✳ ❙✉❝❤ ❛ ✈❛❧❧❡② ✐♥❞✐❝❛,❡+ ,❤❡ ❧❛❝❦ ♦❢ ❞❛,❛ ❛♥❞ ✐♥❞✐❝❛,❡+ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛+✳
✹✾
❋✐❣✉$❡ ✷✳✻❆ ❡♥+❛✐❧. ❛❞❞✐+✐♦♥❛❧ ❡✈✐❞❡♥❝❡ ❢♦$ ♣✉❜❧✐❝❛+✐♦♥ ❜✐❛.✳ ❚❤❡ ♣$♦♠✐♥❡♥+ ♦✉+❧✐❡$
❛+ z = 2 ♠❛② ✐♥❞✐❝❛+❡ .♦♠❡ ❢♦$♠ ♦❢ ♠❛♥✐♣✉❧❛+✐♦♥ .✉❝❤ ❛. ❢❛✈♦✉$❛❜❧❡ $♦✉♥❞✐♥❣✳
❋♦$ ✐❧❧✉.+$❛+✐♦♥ ❝♦♥.✐❞❡$ +❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ ♦❢ ❢❛✈♦$❛❜❧❡ $♦✉♥❞✐♥❣✳ ❈♦♥.✐❞❡$ ❛
❤②♣♦+❤❡+✐❝❛❧ $❡❣$❡..✐♦♥ ❝♦❡✣❝✐❡♥+ ♦❢ ✵✳✺✽✺ ❛♥❞ ❛ ❝♦$$❡.♣♦♥❞✐♥❣ .+❛♥❞❛$❞ ❡$$♦$ ♦❢
✵✳✸✵✹✳ ❚❤❡✐$ $❛+✐♦ ✐. ✶✳✾✷✱ ②✐❡❧❞✐♥❣ ❛ +❡.+ .+❛+✐.+✐❝ ✇❤✐❝❤ ✐. ♥♦+ .✐❣♥✐✜❝❛♥+ ❛+ ✺
♣❡$❝❡♥+✳ ❍♦✇❡✈❡$✱ $♦✉♥❞✐♥❣ +❤❡ ❝♦❡✣❝✐❡♥+ ❛♥❞ ✐+. .+❛♥❞❛$❞ ❡$$♦$ +♦ +✇♦ ❞❡❝✐♠❛❧.✱
❛ $❛+✐♦ ♦❢ ❥✉.+ ✶✳✾✼ ✐. ♦❜+❛✐♥❡❞✱ ✇❤✐❝❤ ✐. ♥♦✇  ❡❡♠✐♥❣❧② .✐❣♥✐✜❝❛♥+ ❛+ +❤❡ ✺ ♣❡$❝❡♥+
❧❡✈❡❧✳ ❚❡❝❤♥✐❝❛❧❧②✱ .✉❝❤ ❢♦$♠ ♦❢ $♦✉♥❞✐♥❣ ✐. ♠❛+❤❡♠❛+✐❝❛❧❧② ❝♦$$❡❝+✳ ■+ ♥❡✈❡$+❤❡❧❡..
❡♥❛❜❧❡. $❡.❡❛$❝❤❡$. +♦ ♠❛❦❡ $❡.✉❧+. ❛♣♣❡❛$ ❧✐❦❡ ❜❡✐♥❣ .✐❣♥✐✜❝❛♥+ +❤♦✉❣❤ +❤❡② ❛$❡ ♥♦+
✇✐+❤♦✉+ ✐♥✈♦❧✈✐♥❣ ❛❝+✉❛❧ ❢❛❜$✐❝❛+✐♦♥ ♦❢ $❡.✉❧+.✳
❋✐❣✉$❡ ✷✳✻❜ .❤♦✇. ✇❡✐❣❤+❡❞ ❞❛+❛ ❛♥❞ ❝♦♥✜$♠. ♦❜.❡$✈❛+✐♦♥. ❢$♦♠ ✉♥✇❡✐❣❤+❡❞ ❞❛+❛✳
❍❡$❡✱ +❤❡ +❡.+ .+❛+✐.+✐❝. ❛$❡ ✇❡✐❣❤+❡❞ ❜② +❤❡ ♥✉♠❜❡$ ♦❢ ❝♦❡✣❝✐❡♥+. ♣❡$ ❛$+✐❝❧❡✳
✷✹
❲❡ ❛❣❛✐♥ ♦❜.❡$✈❡ ❛ ❜✐♠♦❞❛❧ ❞✐.+$✐❜✉+✐♦♥ ✇✐+❤ ❛ .♠❛❧❧ ✈❛❧❧❡② ✐♥ +❤❡ ❛$❡❛ ❛$♦✉♥❞
z = 1.2 ❛♥❞ ❛ ♥♦+❛❜❧❡ ♣❡❛❦ ❛+ z = 2✳ ❍❡♥❝❡✱ +❤❡ ♦✈❡$❛❧❧ .❤❛♣❡ ✐. .✐♠✐❧❛$ +♦ ♣❛♥❡❧ ❆
❡①❝❡♣+ +❤❛+ ✇❡ ♦❜.❡$✈❡ ♠✉❝❤ ❧❡.. ♥♦♥✲.✐❣♥✐✜❝❛♥+ $❡.✉❧+.✳ ❚❤✐. ✐. ❝♦♥.✐.+❡♥+ ✇✐+❤ +❤❡
♣$❡✈✐♦✉. ♦❜.❡$✈❛+✐♦♥ +❤❛+ ❛$+✐❝❧❡. +❤❛+ $❡♣♦$+ ♠❛♥② ❝♦❡✣❝✐❡♥+. ❛❧.♦ $❡♣♦$+ $❡❧❛+✐✈❡❧②
♠♦$❡ ♥♦♥✲.✐❣♥✐✜❝❛♥+ ❝♦❡✣❝✐❡♥+.✳ ❘❡❞✉❝✐♥❣ +❤❡✐$ ✇❡✐❣❤+ ❛✉+♦♠❛+✐❝❛❧❧② $❡.✉❧+. ✐♥ ❛
$❡❞✉❝❡❞ ❞❡♥.✐+② ♦❢ ❝♦❡✣❝✐❡♥+. ✐♥ +❤❡ ♥♦♥✲.✐❣♥✐✜❝❛♥+ $❛♥❣❡ ♦❢ +❤❡ ❞✐.+$✐❜✉+✐♦♥✳
O❛♥❡❧ ❈ ❛♥❞ ❉ ♦❢ ❋✐❣✉$❡ ✷✳✻ .❤♦✇ +❤❡ ❞✐.+$✐❜✉+✐♦♥. ❢♦$ ✐♠♣✉+❡❞ ❞❡❝✐♠❛❧.✱ ❝♦♥✜$♠✐♥❣
♣$❡✈✐♦✉. ♦❜.❡$✈❛+✐♦♥.✳ ❚❤❡ ♦✈❡$❛❧❧ .❤❛♣❡ ♦❢ +❤❡ ❞✐.+$✐❜✉+✐♦♥ ✐. ✉♥❛✛❡❝+❡❞ ❜② +❤❡
✐♠♣✉+❛+✐♦♥✳ ❋✉$+❤❡$✱ +❤❡ ✐♠♣✉+❛+✐♦♥ ♦❢ ❞❡❝✐♠❛❧. ❣❡♥❡$❛+❡. ❛ .♠♦♦+❤❡$ ❞✐.+$✐❜✉+✐♦♥✳
❚❤✐. ✇❛. ❡①♣❡❝+❡❞ ❞✉❡ +♦ ✇❡❛❦ ❝❧✉.+❡$✐♥❣ ♦❢ ✐♥+❡❣❡$ +❡.+ .+❛+✐.+✐❝. ✐♥ +❤❡ ❞❛+❛✳
❆♣♣❛$❡♥+❧②✱ $❡♣♦$+❡❞ ❝♦❡✣❝✐❡♥+. ❛♥❞ .+❛♥❞❛$❞ ❡$$♦$. ✇❡$❡ ♦❢+❡♥ $♦✉♥❞❡❞ ✐♥ .✉❝❤
✇❛② +❤❛+ +❤❡ $❡.✉❧+✐♥❣ +❡.+ .+❛+✐.+✐❝ ✇❛. ❛♥ ✐♥+❡❣❡$ ✈❛❧✉❡✳
✷✺
❚❤✐. .❤♦✇. +❤❛+ +❤❡
✐♠♣✉+❛+✐♦♥ ♦❢ ❞❡❝✐♠❛❧. ❤❛. ♠❛✐♥❧② ✈✐.✉❛❧ ❡✛❡❝+.❀ +❤❡$❡❢♦$❡✱ ✇❡ ✉.❡ +❤❡ $❛✇ ❞❛+❛
✇✐+❤♦✉+ ✐♠♣✉+❡❞ ❞❡❝✐♠❛❧. ❢♦$ ❢✉$+❤❡$ ❛♥❛❧②.❡.✳
✷✳✻✳✷ ❈$♦&&✲&❡❝*✐♦♥❛❧ ❞✐&❝♦♥*✐♥✉✐*② ❛♥❛❧②&❡&
■♥ +❤✐. .❡❝+✐♦♥ ✇❡ ♣$❡.❡♥+ +❤❡ ❞✐.❝♦♥+✐♥✉✐+② ❡.+✐♠❛+❡. ❢♦$ +❤❡ ❢✉❧❧ .❛♠♣❧❡✳ ❆. ❞❡✲
.❝$✐❜❡❞ ✐♥ .❡❝+✐♦♥ ✷✳✹✱ ✇❡ ❛♣♣❧② +❤❡ ▼❝❈$❛$② +❡.+ +♦ ❡.+✐♠❛+❡ +❤❡ .✐③❡ ❛♥❞ .✐❣♥✐✜❝❛♥❝❡
♦❢ +❤❡ ❞✐.❝♦♥+✐♥✉✐+② ❛+ +❤❡ ❝♦♠♠♦♥ +❤$❡.❤♦❧❞. ♦❢ .✐❣♥✐✜❝❛♥❝❡✳ ❚❤❡ +❡.+ ✜+. +✇♦ .❡♣✲
❛$❛+❡ ✇❡✐❣❤+❡❞ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡..✐♦♥. +♦ +❤❡ ❧❡❢+ ❛♥❞ +❤❡ $✐❣❤+ ♦❢ +❤❡ .♣❡❝✐✜❡❞ ❝✉+♦✛
✷✹✳❲❡ ❣✐✈❡ ❡(✉❛❧ ✇❡✐❣❤. .♦ ❛❧❧ ❛0.✐❝❧❡2 ✐♥❞❡♣❡♥❞❡♥.❧② ❢0♦♠ .❤❡ ♥✉♠❜❡0 ♦❢ ❝♦❡✣❝✐❡♥.2 ✇❡ ❡①.0❛❝.❡❞
❢0♦♠ .❤❡♠✳
✷✺✳❖✉0 ✐♠♣✉.❛.✐♦♥ ❝❛✉2❡2 ❛ 2.0♦♥❣❡0 ❞✐2♣❡02✐♦♥ ♦❢ ✐♥.❡❣❡0 ✈❛❧✉❡2 ✐♥ ❝♦♠♣❛0✐2♦♥ .♦ ♦.❤❡0✱ ♥♦♥✲
✐♥.❡❣❡0✱ ✈❛❧✉❡2❀ 2❡❡ ❢♦0 ❝♦♠♣❛0✐2♦♥ ❋✐❣✉0❡ ✷✳✶✵ ✐♥ .❤❡ ❛♣♣❡♥❞✐① .❤❛. ♣❧♦.2 .❤❡ 0❛✇ ❞❛.❛ ❛❣❛✐♥2. .❤❡
❞❡0♦✉♥❞❡❞ ❞❛.❛✳
✺✵
✈❛❧✉❡ c ❛♥❞ ❝♦♠♣❛+❡, -❤❡ ♣+❡❞✐❝-❡❞ ✈❛❧✉❡, ❢♦+ c ❡,-✐♠❛-❡❞ ❜② -❤❡ -✇♦ +❡❣+❡,,✐♦♥,
✭,❡❡ ❊7✉❛-✐♦♥ ✷✳✸✮✳ ❚❤❡ ♦✉-❝♦♠❡ θ̂ ✐, -❤❡ ❞✐✛❡+❡♥❝❡ ♦❢ -❤❡ ♥❛-✉+❛❧ ❧♦❣❛+✐-❤♠, ♦❢
-❤❡,❡ ✈❛❧✉❡,✳
❋✐❣✉+❡ ✷✳✼ ♣❧♦-, -❤❡ +❡,✉❧-, ♦❢ -❤❡ ❞✐,❝♦♥-✐♥✉✐-② ❡,-✐♠❛-✐♦♥, ❢♦+ ✉♥✇❡✐❣❤-❡❞ ✭❧❡❢-
❝♦❧✉♠♥✮ ❛♥❞ ✇❡✐❣❤-❡❞ ❞❛-❛ ✭+✐❣❤- ❝♦❧✉♠♥✮ ❢♦+ -❤❡ ✇❤♦❧❡ ,❛♠♣❧❡ ,♣❛♥♥✐♥❣ -❤❡ ,✐①-②
②❡❛+, ♦❢ ♦✉+ ♦❜,❡+✈❛-✐♦♥ ♣❡+✐♦❞✳ A❛♥❡❧ ❆ ❛♥❞ ❇ +❡♣♦+- -❤❡ +❡,✉❧-, ❢♦+ -❤❡ ✶✵ ♣❡+❝❡♥-
,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭❝✉-♦✛ c = 1.64✮✱ ♣❛♥❡❧ ❈ ❛♥❞ ❉ +❡♣♦+- -❤❡ +❡,✉❧-, ❢♦+ -❤❡ ✺ ♣❡+❝❡♥-
,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭❝✉-♦✛ c = 1.96✮ ❛♥❞ ♣❛♥❡❧ ❊ ❛♥❞ ❋ +❡♣♦+- -❤❡ +❡,✉❧-, ❢♦+ -❤❡ ✶
♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭❝✉-♦✛ c = 2.58✮✳✷✻
❚❤❡+❡ ✐, ❛ ❧❛+❣❡ ❞✐,❝♦♥-✐♥✉✐-② ❛- -❤❡ ✶✵ ♣❡+❝❡♥- -❤+❡,❤♦❧❞ ♦❢ ,-❛-✐,-✐❝❛❧ ,✐❣♥✐✜❝❛♥❝❡✳
❚❤✐, ✐, ❝❧❡❛+❧② ❞❡♠♦♥,-+❛-❡❞ ✐♥ ♣❛♥❡❧ ❆✳ ❚❤❡ ,✐③❡ ♦❢ -❤❡ ❞✐,❝♦♥-✐♥✉✐-② θ̂ ✐, ♣+❡❝✐,❡❧②
❡,-✐♠❛-❡❞ ❛, ✵✳✷✸✻ ✭s.e. = 0.059✱ p < 0.001✮✳ ❚❤✐, ♠❡❛♥, -❤❛- -❤❡ ❞❡♥,✐-② ✐, ❛+♦✉♥❞
✷✼✪ ❧❛+❣❡+ ❛- -❤❡ +✐❣❤-✲❤❛♥❞ ,✐❞❡ ♦❢ -❤❡ -❤+❡,❤♦❧❞ ♦❢ ,✐❣♥✐✜❝❛♥❝❡ -❤❛♥ ♦♥ -❤❡ ❧❡❢-✲
❤❛♥❞ ,✐❞❡ ✭exp(0.236) = 1.27✮✳ ❚❤✐, ,❤♦✇, ❛ ❝❧❡❛+ ♦✈❡+✲+❡♣+❡,❡♥-❛-✐♦♥ ♦❢ +❡,✉❧-, ❥✉,-
❛❜♦✈❡ -❤❡ ✶✵ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❋✉+-❤❡+✱ -❤❡+❡ ✐, ❛ ♠❡❞✐✉♠ ❞✐,❝♦♥-✐♥✉✐-②
❛- -❤❡ ✺ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭A❛♥❡❧ ❈✮✳ ❍♦✇❡✈❡+✱ -❤❡ ❜✐❛, ✐, +❡❧❛-✐✈❡❧② ,♠❛❧❧❡+
❝♦♠♣❛+❡❞ -♦ -❤❡ ✶✵✪ ❧❡✈❡❧✳ ❚❤❡ ❞✐,❝♦♥-✐♥✉✐-② ❡,-✐♠❛-❡ ✐, θ̂ = 0.123✱ ,-❛-✐,-✐❝❛❧❧②
,✐❣♥✐✜❝❛♥- ✭s.e. = 0.050✱ p = 0.014✮ ❛♥❞ -+❛♥,❧❛-❡, -♦ ❛♥ ♦✈❡+✲+❡♣+❡,❡♥-❛-✐♦♥ ♦❢
❛❜♦✉- ✶✸✪ ♦❢ ✈❛❧✉❡, ❥✉,- ❜❡❧♦✇ -❤❡ ✺ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❆♣♣❛+❡♥-❧②✱ -❤❡
❡,-✐♠❛-✐♦♥ ✐, ✉♥❛✛❡❝-❡❞ ❜② -❤❡ ♣❡❛❦ ❛- z = 2✳ ■♥ ❝♦♥-+❛,-✱ -❤❡+❡ ✐, ♥♦ ✐♥❞✐❝❛-✐♦♥ ♦❢
♣✉❜❧✐❝❛-✐♦♥ ❜✐❛, ❛- -❤❡ ✶ ♣❡+❝❡♥- ❧❡✈❡❧✳ A❛♥❡❧ ❊ ,❤♦✇, ♥♦ ,✐❣♥ ♦❢ ❛ ❞✐,❝♦♥-✐♥✉✐-② ❛-
-❤❡ -❤+❡,❤♦❧❞✳ ❚❤❡ ❞✐,❝♦♥-✐♥✉✐-② ❡,-✐♠❛-❡ ❛- -❤❡ ✶✪ -❤+❡,❤♦❧❞ ✐, θ̂ = −0.093 ✇✐-❤ ❛
,-❛♥❞❛+❞ ❡++♦+ ♦❢ s.e. = 0.059 ❛♥❞ ❛ ♣✲✈❛❧✉❡ ♦❢ p = 0.116✳
❲❡ ❝❛♥ ❝♦♥✜+♠ -❤❡,❡ +❡,✉❧-, ❜② ❛♥❛❧②,❡, ✇✐-❤ ✇❡✐❣❤-❡❞ ❞❛-❛✳ ❆, ❜❡❢♦+❡ ✇❡ ✇❡✐❣❤-
❜② -❤❡ ♥✉♠❜❡+ ♦❢ ❝♦❡✣❝✐❡♥-, -❤❛- ✇❡ ❡①-+❛❝-❡❞ ❢+♦♠ -❤❡ ,❛♠❡ ♣❛♣❡+✳ ❚❤❡ +❡,✉❧-,
❛+❡ ,❤♦✇♥ ✐♥ ♣❛♥❡❧ ❇✱ ❉ ❛♥❞ ❊ ♦❢ ❋✐❣✉+❡ ✷✳✼✳ ❚❤❡ ❞✐,❝♦♥-✐♥✉✐-② ❡,-✐♠❛-❡, ❛+❡ ✵✳✸✶✸
✭s.e. = 0.064✱ p < 0.001✮ ❢♦+ -❤❡ ✶✵ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ✵✳✷✼✹ ✭s.e. = 0.047✱
p < 0.001✮ ❢♦+ -❤❡ ✺ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ ✲✵✳✵✷✺ ✭s.e. = 0.053✱ p = 0.631✮
❢♦+ -❤❡ ✶ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❖✈❡+❛❧❧✱ -❤❡ ❡,-✐♠❛-❡, ❛+❡ ♥♦-❛❜❧② ❧❛+❣❡+ ❢♦+
✇❡✐❣❤-❡❞ ❞❛-❛ -❤❛♥ ❢♦+ ✉♥✇❡✐❣❤-❡❞ ❞❛-❛✳ ❚❤❛- ✐, ❛❣❛✐♥ -❤❡ +❡,✉❧- ♦❢ -❤❡ ❢❛❝-✱ -❤❛-
♣❛♣❡+, ✇✐-❤ ❢❡✇❡+ ❝♦❡✣❝✐❡♥-, +❡♣♦+- ♠♦+❡ ,✐❣♥✐✜❝❛♥- ❝♦❡✣❝✐❡♥-, ♦♥ ❛✈❡+❛❣❡ ❛♥❞ -❤❛-✱
❜② ✇❡✐❣❤-✐♥❣ -❤❡ ❞❛-❛✱ ✇❡ ❣✐✈❡ ♠♦+❡ ✇❡✐❣❤- -♦ -❤♦,❡ ❛+-✐❝❧❡,✳ ❍♦✇❡✈❡+✱ -❤❡ ❡,-✐♠❛-❡,
❢♦+ ✉♥✇❡✐❣❤-❡❞ ❛♥❞ ✇❡✐❣❤-❡❞ ❞❛-❛ ❛+❡ 7✉❛❧✐-❛-✐✈❡❧② ❝♦♠♣❛+❛❜❧❡✿ -❤❡ ❞✐,❝♦♥-✐♥✉✐-②
✐, ❧❛+❣❡ -♦ ♠♦❞❡+❛-❡ ❛♥❞ ,✐❣♥✐✜❝❛♥- ❢♦+ -❤❡ ✶✵ ❛♥❞ ✺ ♣❡+❝❡♥- ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞
✷✻✳ ❚❤%♦✉❣❤♦✉) )❤❡ ❛%)✐❝❧❡ ✇❡ %❡♣♦%) )❤❡ ❝✉)♦✛ ✈❛❧✉❡3 %♦✉♥❞❡❞ )♦ )✇♦ ❞❡❝✐♠❛❧3✳ ❋♦% ♦✉% ❛♥❛❧②3❡3
✇❡ ✉3❡❞ ♠♦%❡ ♣%❡❝✐3❡ ✈❛❧✉❡3✿ c = 1.64485 ❢♦% )❤❡ ✶✵ ♣❡%❝❡♥) 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ c = 1.95996 ❢♦% )❤❡
✺ ♣❡%❝❡♥) 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ c = 2.57583 ❢♦% )❤❡ ✶ ♣❡%❝❡♥) 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳
✺✶
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z statistics
❋✐❣✉$❡ ✷✳✼✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ ✶✾✺✾✲✷✵✶✽
❚❤❡ ❣5❛♣❤7 7❤♦✇ +❤❡ 5❡7✉❧+7 ♦❢ +❤❡ ❞✐7❝♦♥+✐♥✉✐+② ❡7+✐♠❛+✐♦♥ ❜② ❛♣♣❧②✐♥❣ +❤❡ ▼❝❈5❛5② ❛❧❣♦5✐+❤♠
❢♦5 +❤❡ ✶✵✱ ✺ ❛♥❞ ✶ ♣❡5❝❡♥+ 7✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦5 ✉♥✇❡✐❣❤+❡❞✱ ❧❡❢+ ❝♦❧✉♠♥✱ ❛♥❞ ✇❡✐❣❤+❡❞ ❞❛+❛✱ 5✐❣❤+
❝♦❧✉♠♥✱ 5❡7♣❡❝+✐✈❡❧②✳ ❚❤❡ ❣5❛♣❤7 ♣❧♦+ +❤❡ ❞✐7+5✐❜✉+✐♦♥ ✭❣5❡② ❝✐5❝❧❡7✮ ❛♥❞ +❤❡ ❧♦❝❛❧ ❧✐♥❡❛5 ❞❡♥7✐+②
❡7+✐♠❛+✐♦♥ ✭❡♠❡5❛❧❞ ❧✐♥❡✮ ✇✐+❤ +❤❡ 5❡7♣❡❝+✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳ ❙+❛♥❞❛5❞ ❡55♦57 ❢♦5 θ̂ ❛5❡
5❡♣♦5+❡❞ ✐♥ ♣❛5❡♥+❤❡7❡7✳ ❚❤❡ ❡7+✐♠❛+✐♦♥7 ✉7❡ +❤❡ 5❡7♣❡❝+✐✈❡ ❞❡❢❛✉❧+ ❜❛♥❞✇✐❞+❤7 ❛♥❞ ❝♦55❡7♣♦♥❞ +♦
+❤❡ ✜57+ 5♦✇✱ ❝♦❧✉♠♥ ✭✶✮✱ ✭✺✮ ❛♥❞ ✭✾✮✱ ✐♥ ❚❛❜❧❡ ✷✳✷ ❢♦5 ✉♥✇❡✐❣❤+❡❞ ❞❛+❛ ❛♥❞ ✐♥ ❛♣♣❡♥❞✐① ❚❛❜❧❡ ✷✳✺
❢♦5 ✇❡✐❣❤+❡❞ ❞❛+❛✳
✺✷
 ♠❛❧❧ ❛♥❞ ✐♥ ✐❣♥✐✜❝❛♥* ❢♦- *❤❡ ✶ ♣❡-❝❡♥*  ✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳
❚♦  ✉♠ ✉♣✱ ♦✉- ❝-♦  ✲ ❡❝*✐♦♥❛❧ ❛♥❛❧② ❡ ♦❢ ♣✉❜❧✐❝❛*✐♦♥ ❜✐❛ -❡✈❡❛❧ *❤❡ ❢♦❧❧♦✇✐♥❣
♣❛**❡-♥ ✳ ❲❡ ✜♥❞ ❛ ♥♦*❛❜❧❡ ❛♥❞ -♦❜✉ * ♦✈❡-✲-❡♣-❡ ❡♥*❛*✐♦♥ ♦❢ *❡ *  *❛*✐ *✐❝ ❥✉ *
❛❜♦✈❡ *❤❡ ✶✵ ♣❡-❝❡♥*  ✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ *❤❛* ❝❛♥ ❤❛-❞❧② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② -♦✉♥❞✐♥❣ ♦-
*❡ *✐♥❣ ♦❢ ♦✈❡-❧② ♣❧❛✉ ✐❜❧❡ ❤②♣♦*❤❡ ❡ ✳ ■* ❝❛♥✱ *❤♦✉❣❤✱ ❜❡ ❛**-✐❜✉*❡❞ *♦ ♣-❡❢❡-❡♥*✐❛❧
 ❡❧❡❝*✐♦♥ ♦❢  ✐❣♥✐✜❝❛♥* -❡ ✉❧* ❜② *❤❡ ❥♦✉-♥❛❧ ❛ ✇❡❧❧ ❛ *❤❡ ❛✉*❤♦- ✕ ✐♥ *❡-♠ ♦❢ ♥♦*
 ✉❜♠✐**✐♥❣ ♥♦♥✲ ✐❣♥✐✜❝❛♥* -❡ ✉❧* ✕ ♦- *❤❡ ♣✉ ❤✐♥❣ ♦❢ -❡ ✉❧* ❥✉ * ❛❜♦✈❡ *❤❡ *❤-❡ ❤♦❧❞
♦❢  ✐❣♥✐✜❝❛♥❝❡✳ ■♥ ❛❞❞✐*✐♦♥✱ *❤❡-❡ ✐ ♣✉❜❧✐❝❛*✐♦♥ ❜✐❛ ❛* *❤❡ ✺✪  ✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧❀
❤♦✇❡✈❡-✱ ❧❡  ♣-♦♥♦✉♥❝❡❞ ❝♦♠♣❛-❡❞ *♦ *❤❡ ✶✵✪ ❧❡✈❡❧✳ ❚❤❡-❡ ✐ ♥♦ ✐♥❞✐❝❛*✐♦♥ ♦❢
♣✉❜❧✐❝❛*✐♦♥ ❜✐❛ ❛* *❤❡ ✶✪ ❧❡✈❡❧✳
✷✳✻✳✸ ❙❡♥'✐)✐✈✐)② ♦❢ ❝/♦''✲'❡❝)✐♦♥❛❧ ❞✐'❝♦♥)✐♥✉✐)② ❛♥❛❧②'❡'
❆ ❞❡ ❝-✐❜❡❞ ✐♥ ❙❡❝*✐♦♥ ✷✳✸✱ ❝❤♦♦ ✐♥❣ ❛♥ ❛♣♣-♦♣-✐❛*❡ ❜❛♥❞✇✐❞*❤ h ❢♦- ❡ *✐♠❛*✐♥❣
*❤❡ ❞✐ ❝♦♥*✐♥✉✐*✐❡ ❝❛♥ ❛✛❡❝* *❤❡ -❡ ✉❧* ✳ ❆❧❧ ❣-❛♣❤ ✐♥ ❋✐❣✉-❡ ✷✳✼ ✉ ❡ *❤❡ ❞❡❢❛✉❧*
❜❛♥❞✇✐❞*❤ ❛✉*♦♠❛*✐❝❛❧❧② ❞❡*❡-♠✐♥❡❞ ❜② *❤❡ ❡ *✐♠❛*✐♦♥ ❛❧❣♦-✐*❤♠✳ ❚♦ *❡ * *❤❡  ❡♥✲
 ✐*✐✈✐*② ♦❢ ♦✉- -❡ ✉❧* *♦ *❤❡ ❝❤♦✐❝❡ ♦❢ *❤❡ ❜❛♥❞✇✐❞*❤✱ ✇❡ -❡♣❡❛* *❤❡ ❛♥❛❧② ❡ ❢♦-
✈❛-②✐♥❣ ❜❛♥❞✇✐❞*❤ ✐♥ ❚❛❜❧❡ ✷✳✷✱ ✜- * -♦✇ ✭✇❡ ♣-♦✈✐❞❡ *❤❡ ❛❝❝♦-❞✐♥❣ -❡ ✉❧* ❢♦-
✇❡✐❣❤*❡❞ ❞❛*❛ ✐♥ ❚❛❜❧❡ ✷✳✺ ✐♥ *❤❡ ❛♣♣❡♥❞✐①✮✳ ❈♦❧✉♠♥ ✭✶✮✲✭✹✮ -❡❢❡- *♦ *❤❡ ✶✵ ♣❡-✲
❝❡♥*  ✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ■♥ ❝♦❧✉♠♥ ✭✶✮ ✇❡ -❡♣-♦❞✉❝❡ *❤❡ -❡ ✉❧* ❢-♦♠ *❤❡ ❞✐ ❝♦♥*✐♥✉✐*②
♣❧♦*✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦❧✉♠♥  ❤♦✇ *❤❡ -❡ ✉❧* ❢♦- *❤❡ ❜❛♥❞✇✐❞*❤ ✵✳✽✱ ✶✳✷ ❛♥❞ ✶✳✻ ✭ ❡❡
❛♣♣❡♥❞✐① ❋✐❣✉-❡ ✷✳✶✶ ❢♦- *❤❡ ❝♦--❡ ♣♦♥❞✐♥❣ ❞✐ ❝♦♥*✐♥✉✐*② ♣❧♦* ✮✳
❚❤❡  ❡♥ ✐*✐✈✐*② -❡ ✉❧* ❛* *❤❡ ✶✵ ♣❡-❝❡♥*  ✐❣♥✐✜❝❛♥❝❡ ❝♦♥✜-♠ ♦✉- ♠❛✐♥ ❛♥❛❧② ❡ ✳
❚❤❡-❡ ✐ ❛  ❧✐❣❤* ✐♥❝-❡❛ ❡ ♦❢ θ̂ ✇✐*❤ ✐♥❝-❡❛ ✐♥❣ ❜❛♥❞✇✐❞*❤ h✳ ❲❡ ❢✉-*❤❡-  ❡❡ ❛ ❤✐❣❤❧②
 ✐❣♥✐✜❝❛♥* ❞✐ ❝♦♥*✐♥✉✐*② ❛* *❤❡ ✶✵ ♣❡-❝❡♥*  ✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦- ❛❧❧ ❝❤♦✐❝❡ ♦❢ h✱ -❛♥❣✲
✐♥❣ ❢-♦♠ ✵✳✷✶ *♦ ✵✳✸✽✳ ■♥ ♣❡❝*✐♦♥ ♦❢ *❤❡ ❞✐ ❝♦♥*✐♥✉✐*② ♣❧♦*  ✉❣❣❡ * *❤❛* *❤❡ ❞✐✛❡-✲
❡♥❝❡ ❜❡*✇❡❡♥ *❤❡ ❡ *✐♠❛*❡ -❡ ✉❧* ❢-♦♠ *❤❡ -✐❣❤*✲❤❛♥❞  ✐❞❡ ♦❢ *❤❡ ❧♦❝❛❧  ♠♦♦*❤✐♥❣✳
❚❤❡ ❝❧♦ ❡✲❜② ❧♦❝❛❧ ♠❛①✐♠✉♠ ♥❛*✉-❛❧❧② ❤❛ ❛  *-♦♥❣❡- ❡✛❡❝* ♦♥ *❤❡ ❞✐ ❝♦♥*✐♥✉✐*②
❡ *✐♠❛*✐♦♥ ❛* c = 1.64 ❢♦- ❧❛-❣❡- ❜❛♥❞✇✐❞*❤ ✳ ❚❤✐ ❛❧ ♦  ❤♦✇ ❛ ❣❡♥❡-❛❧ ❞✐✣❝✉❧*②
✇✐*❤  ❡♣❛-❛*✐♥❣ ❛♥❛❧② ❡ ♦❢ *❤❡ ❞✐✛❡-❡♥*  ✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✇✐*❤ ❧❛-❣❡ ❜❛♥❞✇✐❞*❤ ✳
❙✐♥❝❡ *❤❡ ❝✉*♦✛ ✈❛❧✉❡ c✱ ❢♦- ✇❤✐❝❤ ✇❡ ❡ *✐♠❛*❡ *❤❡ ❞✐ ❝♦♥*✐♥✉✐*②✱ ❧✐❡ ❝❧♦ ❡ *♦ ❡❛❝❤
♦*❤❡-✱ ❞✐ ❝♦♥*✐♥✉✐*✐❡ ❛* ❛ ♣❛-*✐❝✉❧❛- ♣♦✐♥* ♠❛② ❛✛❡❝* *❤❡ ❡ *✐♠❛*✐♦♥ ❛* ♦*❤❡- ♣♦✐♥* ✳
❋♦- ✐♥ *❛♥❝❡✱ *❤❡ ❞✐ ❝♦♥*✐♥✉✐*② ❡ *✐♠❛*❡ ❢♦- c = 1.64 ♠❛② ❜❡ ✐♥✢❛*❡❞ ❜② *❤❡ ♣❡❛❦ ❛*
z = 2 ❛♥❞✱ ✈✐❝❡ ✈❡- ❛✱ *❤❡ ❡ *✐♠❛*❡ ❢♦- c = 1.96 ♠❛② ❜❡ ❞❡✢❛*❡❞ ❜② *❤❡ ❞✐ ❝♦♥*✐♥✉✐*②
❛* c = 1.64✳ ❍♦✇❡✈❡-✱ *❤✐ ❝❛♥ ❜❡ ❝✐-❝✉♠✈❡♥*❡❞ ❜② ❝❤♦♦ ✐♥❣  ♠❛❧❧❡- ✈❛❧✉❡ ❢♦- *❤❡
❜❛♥❞✇✐❞*❤ h ❛♥❞ ❝-✐*✐❝❛❧ ✐♥ ♣❡❝*✐♦♥ ♦❢ *❤❡ ❝♦--❡ ♣♦♥❞✐♥❣ ❞✐ ❝♦♥*✐♥✉✐*② ♣❧♦* ✳
✺✸
❚❛❜❧❡ ✷✳✷✿ ❉✐*❝♦♥.✐♥✉✐.② ❡*.✐♠❛.❡* ❢♦3 .❤❡ ❝♦♠♠♦♥ *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧*✱ ❢✉❧❧ *❛♠♣❧❡ ❛♥❞ *✉❜✲*❛♠♣❧❡*
c = 1.64 c = 1.96 c = 2.58 ◆
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✭✵✳✵✺✾✮ ✭✵✳✵✻✸✮ ✭✵✳✵✺✶✮ ✭✵✳✵✹✹✮ ✭✵✳✵✺✵✮ ✭✵✳✵✺✻✮ ✭✵✳✵✹✻✮ ✭✵✳✵✹✶✮ ✭✵✳✵✺✾✮ ✭✵✳✵✻✸✮ ✭✵✳✵✺✶✮ ✭✵✳✵✹✹✮ ✻✵✾
❬✵✳✾✵❪ ❬✶✳✵✶❪ ❬✵✳✽✾❪
<✶✿ ✶✾✺✾ ✲ ✶✾✼✸ ✵✳✽✹✸✯✯ ✵✳✷✺✹ ✵✳✽✷✵✯✯ ✵✳✾✽✽✯✯✯ ✵✳✷✵✻ ✵✳✶✹✶ ✵✳✷✷✽ ✵✳✹✸✶✯ ✵✳✽✾✼✯✯ ✵✳✾✹✾✯✯ ✵✳✸✼✵ ✵✳✵✻✹ ✸✹✸
✭✵✳✹✵✵✮ ✭✵✳✹✽✵✮ ✭✵✳✹✵✻✮ ✭✵✳✸✺✽✮ ✭✵✳✷✾✸✮ ✭✵✳✸✷✼✮ ✭✵✳✷✽✻✮ ✭✵✳✷✻✷✮ ✭✵✳✹✷✷✮ ✭✵✳✹✹✼✮ ✭✵✳✸✶✽✮ ✭✵✳✷✻✺✮ ✸✸
❬✶✳✷✺❪ ❬✶✳✶✶❪ ❬✵✳✽✻❪
<✷✿ ✶✾✼✹ ✲ ✶✾✽✽ ✵✳✻✸✶✯✯✯ ✵✳✼✼✺✯✯✯ ✵✳✻✾✶✯✯✯ ✵✳✺✾✵✯✯✯ ✵✳✵✾✻ ✲✵✳✵✻✶ ✵✳✵✹✵ ✵✳✶✵✻ ✲✵✳✷✼✽ ✲✵✳✶✵✾ ✲✵✳✷✵✾ ✲✵✳✷✽✸ ✽✵✸
✭✵✳✷✶✵✮ ✭✵✳✷✽✾✮ ✭✵✳✷✸✷✮ ✭✵✳✶✾✸✮ ✭✵✳✶✽✼✮ ✭✵✳✷✸✾✮ ✭✵✳✷✵✷✮ ✭✵✳✶✼✽✮ ✭✵✳✷✵✶✮ ✭✵✳✷✼✹✮ ✭✵✳✷✷✼✮ ✭✵✳✶✾✹✮ ✺✻
❬✶✳✹✵❪ ❬✶✳✹✸❪ ❬✶✳✺✵❪
<✸✿ ✶✾✽✾ ✲ ✷✵✵✸ ✵✳✵✼✾ ✵✳✵✽✵ ✵✳✶✶✽ ✵✳✶✽✼✯✯ ✵✳✵✺✵ ✵✳✵✵✷ ✵✳✵✻✻ ✵✳✶✸✻✯ ✲✵✳✶✼✹✯ ✲✵✳✶✼✼ ✲✵✳✶✽✺✯✯ ✲✵✳✷✵✹✯✯ ✹✹✵✽
✭✵✳✶✵✽✮ ✭✵✳✶✶✸✮ ✭✵✳✵✾✸✮ ✭✵✳✵✽✵✮ ✭✵✳✵✾✷✮ ✭✵✳✶✵✽✮ ✭✵✳✵✽✽✮ ✭✵✳✵✼✼✮ ✭✵✳✵✾✹✮ ✭✵✳✶✶✵✮ ✭✵✳✵✾✶✮ ✭✵✳✵✼✾✮ ✷✶✶
❬✵✳✽✽❪ ❬✶✳✵✾❪ ❬✶✳✶✶❪
<✹✿ ✷✵✵✹ ✲ ✷✵✶✽ ✵✳✷✻✻✯✯✯ ✵✳✷✷✵✯✯✯ ✵✳✸✹✸✯✯✯ ✵✳✹✷✶✯✯✯ ✵✳✶✺✾✯✯ ✵✳✶✺✸✯✯ ✵✳✷✵✵✯✯✯ ✵✳✷✹✽✯✯✯ ✲✵✳✵✽✽ ✲✵✳✵✹✽ ✲✵✳✶✻✹✯✯ ✲✵✳✷✹✾✯✯✯ ✽✺✸✼
✭✵✳✵✼✹✮ ✭✵✳✵✽✵✮ ✭✵✳✵✻✺✮ ✭✵✳✵✺✻✮ ✭✵✳✵✻✹✮ ✭✵✳✵✼✵✮ ✭✵✳✵✺✽✮ ✭✵✳✵✺✶✮ ✭✵✳✵✼✹✮ ✭✵✳✵✽✶✮ ✭✵✳✵✻✺✮ ✭✵✳✵✺✺✮ ✸✵✾
❬✵✳✾✸❪ ❬✵✳✾✺❪ ❬✵✳✾✻❪
❜❛♥❞✇✐❞4❤ h ❬❞❡❢❛✉❧4❪ ✵✳✽ ✶✳✷ ✶✳✻ ❬❞❡❢❛✉❧4❪ ✵✳✽ ✶✳✷ ✶✳✻ ❬❞❡❢❛✉❧4❪ ✵✳✽ ✶✳✷ ✶✳✻
◆♦"❡$✳ ❊❛❝❤ ❝❡❧❧ &❡♣♦&)* )❤❡ &❡*✉❧)* ♦❢ ❛ *✐♥❣❧❡ ▼❝❈&❛&② ❞✐*❝♦♥)✐♥✉✐)② ❡*)✐♠❛)✐♦♥✳ ■♥ ❝♦❧✉♠♥ ✭✶✮✱ ✭✺✮ ❛♥❞ ✭✾✮ ✇❡ &❡♣♦&) ✐♥ ❜&❛❝❦❡)* )❤❡ ❜❛♥❞✇✐❞)❤ )❤❛)
)❤❡ ❧♦❝❛❧ ❧✐♥❡❛& *♠♦♦)❤✐♥❣ ♣&♦❝❡❞✉&❡ ❞❡)❡&♠✐♥❡❞ ❜② ❞❡❢❛✉❧)✳ ❆❞❞✐)✐♦♥❛❧❧②✱ ✇❡ ✈❛&② )❤❡ ❜❛♥❞✇✐❞)❤ h ✐♥ )❤❡ ♦)❤❡& ❝♦❧✉♠♥* )♦ ❡①❛♠✐♥❡ )❤❡ &♦❜✉*)♥❡** ♦❢
♦✉& &❡*✉❧)*✳ ❲❡ ♣❡&❢♦&♠ )❤❡ ❛♥❛❧②*❡* ❢♦& )❤❡ ✶✵ ♣❡&❝❡♥) *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ✐♥❞✐❝❛)❡❞ ❜② c = 1.64✱ ✐♥ ❝♦❧✉♠♥* ✭✶✮✲✭✸✮✱ ❢♦& )❤❡ ✺ ♣❡&❝❡♥) *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱
✐♥❞✐❝❛)❡❞ ❜② c = 1.96✱ ✐♥ ❝♦❧✉♠♥* ✭✹✮✲✭✻✮ ❛♥❞ ❢♦& )❤❡ ✶ ♣❡&❝❡♥) *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ✐♥❞✐❝❛)❡❞ ❜② c = 2.58✱ ✐♥ ❝♦❧✉♠♥* ✭✼✮✲✭✾✮ ❙)❛♥❞❛&❞ ❡&&♦&* ❛&❡ &❡♣♦&)❡❞ ✐♥
♣❛&❡♥)❤❡*❡*✳ ✯ p < 0.10✱ ✯✯ p < 0.05✱ ✯✯✯ p < 0.01✳
✺
✹
❚❤❡ #❡♥#✐&✐✈✐&② ❛♥❛❧②#❡# ❢♦- &❤❡ ✺ ❛♥❞ &❤❡ ✶ ♣❡-❝❡♥& #✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛❧#♦ ❝♦♥✜-♠ ♦✉-
♠❛✐♥ -❡#✉❧&#✳ ❚❛❜❧❡ ✷✳✷✱ ❝♦❧✉♠♥# ✭✺✮✲✭✶✷✮✱ ✜-#& -♦✇✱ #❤♦✇ &❤❡ -❡#♣❡❝&✐✈❡ -❡#✉❧&#✳
✷✼
❚❤❡ ❡#&✐♠❛&❡# ❢♦- &❤❡ ✺ ♣❡-❝❡♥& ❧❡✈❡❧ ❛-❡ ❛❜♦✉& ❤❛❧❢ &❤❡ #✐③❡ ❝♦♠♣❛-❡❞ &♦ &❤❡ ❡#&✐✲
♠❛&❡# ❢♦- &❤❡ ✶✵ ♣❡-❝❡♥& ❧❡✈❡❧ ❛♥❞ ❛& ❧❡❛#& ♠❛-❣✐♥❛❧❧② #✐❣♥✐✜❝❛♥& ❢♦- ❛❧❧ ❜❛♥❞✇✐❞&❤#✳
❚❤❡ ❞✐#❝♦♥&✐♥✉✐&② ♣❧♦&# #❤♦✇ ❛ ❜❡&&❡- ✜& ❢♦- #♠❛❧❧❡- ❜❛♥❞✇✐❞&❤# ❛♥❞ &❤❡ ♣❡❛❦ ❛&
z = 2 ❞♦❡# ♥♦& #❡❡♠ &♦ #✉❜#&❛♥&✐❛❧❧② ❛✛❡❝& &❤❡ ❡#&✐♠❛&✐♦♥✳ ❆# ✐♥ ♦✉- ♠❛✐♥ ❛♥❛❧②#❡#✱
✇❡ ♦❜#❡-✈❡ ♥♦ ❞✐#❝♦♥&✐♥✉✐&② ❢♦- &❤❡ ✶ ♣❡-❝❡♥& #✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❊✐&❤❡- ♦✉- ❡#&✐♠❛&✐♦♥
♣-♦❝❡❞✉-❡ ✐# ✉♥❛❜❧❡ &♦ ❞❡&❡❝& ❛ ❞✐#❝♦♥&✐♥✉✐&② ♦- &❤❡-❡ ✐# ♥♦ ❞✐#❝♦♥&✐♥✉✐&②✳ ■♥#♣❡❝✲
&✐♦♥ ♦❢ &❤❡ ❞✐#❝♦♥&✐♥✉✐&② ♣❧♦&# #✉❣❣❡#&# &❤❛& ❜♦&❤ ❡①♣❧❛♥❛&✐♦♥# ♠❛② ❜❡ ✈❛❧✐❞✳ ❚❤❡
❝❧♦#❡✲❜② ❧♦❝❛❧ ♠❛①✐♠✉♠ #✉❜#&❛♥&✐❛❧❧② ❜✐❛#❡# &❤❡ ❡#&✐♠❛&✐♦♥ ♣❛-&✐❝✉❧❛-❧② ❢♦- ❧❛-❣❡-
❜❛♥❞✇✐❞&❤#✳ ❘❡❧②✐♥❣ ♦♥ #♠❛❧❧❡- ❜❛♥❞✇✐❞&❤#✱ ✇❡ #❡❡ &❤❛& &❤❡-❡ ✐# ♥♦ ❞✐#❝♦♥&✐♥✉✐&②
❛& c = 2.58✳
❖✈❡-❛❧❧✱ &❤❡ #❡♥#✐&✐✈✐&② ❛♥❛❧②#❡# ❝♦♥✜-♠ ♦✉- ♠❛✐♥ -❡#✉❧&#✳ ❲❡ ✜♥❞ ❛ ♥♦&❛❜❧❡ ❛♥❞
-♦❜✉#& ♦✈❡-✲-❡♣-❡#❡♥&❛&✐♦♥ ♦❢ &❡#& #&❛&✐#&✐❝# ❥✉#& ❛❜♦✈❡ &❤❡ ✶✵ ♣❡-❝❡♥& #✐❣♥✐✜❝❛♥❝❡
❧❡✈❡❧✳ ❚❤❡-❡ ✐# ❛ ♠♦❞❡-❛&❡ ♦✈❡-✲-❡♣-❡#❡♥&❛&✐♦♥ ♦❢ #✐❣♥✐✜❝❛♥& -❡#✉❧&# ❛& &❤❡ ✺✪ ❧❡✈❡❧✳
❚❤❡-❡ ✐# ♥♦ ✐♥❞✐❝❛&✐♦♥ ♦❢ ♣✉❜❧✐❝❛&✐♦♥ ❜✐❛# ❛& &❤❡ ✶✪ ❧❡✈❡❧✳
✷✳✼ #✉❜❧✐❝❛*✐♦♥ ❇✐❛. ♦✈❡1 ❚✐♠❡
❚❤❡ ♠❛✐♥ ♦❜❥❡❝&✐✈❡ ♦❢ ♦✉- #&✉❞② ✐# &♦ ✐♥✈❡#&✐❣❛&❡ ✇❤❡&❤❡- ♣❛&&❡-♥# ♦❢ ♣✉❜❧✐❝❛&✐♦♥
❜✐❛# ❤❛✈❡ ❝❤❛♥❣❡❞ ♦✈❡- &✐♠❡✳ ❲❡ ❡①♣❡❝& ❞✉❡ &♦ ✐♥❝-❡❛#✐♥❣ ♣-❡##✉-❡ ❛♥❞ ❝♦♠♣❡&✐&✐♦♥
&❤❛& ♣✉❜❧✐❝❛&✐♦♥ ❜✐❛# ❤❛# ✐♥❝-❡❛#❡❞ ♦✈❡- &✐♠❡✳ ❖✉- ✐♥✈❡#&✐❣❛&✐♦♥✱ &❤❡-❡❢♦-❡✱ ❡①&❡♥❞#
&❤❡ ❛♥❛❧②#❡# ❢-♦♠ &❤❡ ♣-❡✈✐♦✉# #❡❝&✐♦♥ ❛♥❞ &❛❦❡# ❛❝❝♦✉♥& ❢♦- &❤❡ ❧♦♥❣✐&✉❞✐♥❛❧ ♥❛&✉-❡
♦❢ ♦✉- ❞❛&❛✳
❲❡ ✜-#& ♣-❡#❡♥& -❡#✉❧&# ❢♦- ❢♦✉- #❡♣❛-❛&❡ ♦❜#❡-✈❛&✐♦♥❛❧ ♣❡-✐♦❞#✳ ❚❤❡-❡❢♦-❡✱ ✇❡ ❞✐✈✐❞❡
♦✉- ❝♦♠♣❧❡&❡ ♦❜#❡-✈❛&✐♦♥ ♣❡-✐♦❞ ✐♥&♦ ✶✺✲②❡❛- ✐♥&❡-✈❛❧#✳ ❚❛❜❧❡ ✷✳✷✱ -♦✇ ✭✷✮ &♦ ✭✺✮✱
-❡♣♦-& &❤❡ ❞✐#❝♦♥&✐♥✉✐&② ❡#&✐♠❛&❡# ❢♦- &❤❡ ❢♦✉- #✉❜✲#❛♠♣❧❡# ❢♦- &❤❡ ✶✵✱ ✺ ❛♥❞ ✶ ♣❡-❝❡♥&
#✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳
✷✽
❖✉- -❡#✉❧&# ❞❡♠♦♥#&-❛&❡ ❛ -❡♠❛-❦❛❜❧❡ #❤✐❢& ❢-♦♠ ♣✉❜❧✐❝❛&✐♦♥ ❜✐❛# ❛& &❤❡ ✶✵✪ ❧❡✈❡❧
&♦ ♣✉❜❧✐❝❛&✐♦♥ ❜✐❛# ❛& &❤❡ ✺✪ ❧❡✈❡❧✳ ❈♦❧✉♠♥# ✭✶✮ &♦ ✭✹✮ ♣-♦✈✐❞❡ -❡#✉❧&# ❢♦- &❤❡ ✶✵
♣❡-❝❡♥& #✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ❞✐#❝♦♥&✐♥✉✐&② ✐# ❧❛-❣❡ ❛♥❞ #✐❣♥✐✜❝❛♥& ❢♦- &❤❡ ✜-#& ❤❛❧❢
♦❢ ♦✉- ♦❜#❡-✈❛&✐♦♥ ♣❡-✐♦❞✳ ❲✐&❤ -❡#♣❡❝& &♦ &❤❡ ❞❡❢❛✉❧& ❜❛♥❞✇✐❞&❤✱ &❤❡ ❡#&✐♠❛&❡#
-❛♥❣❡ ❜❡&✇❡❡♥ ✵✳✻✸ ❛♥❞ ✵✳✾✸✳ ❋♦- &❤❡ #❡❝♦♥❞ ❤❛❧❢ ♦❢ ♦✉- ♦❜#❡-✈❛&✐♦♥ ♣❡-✐♦❞✱ ✐♥
✷✼✳ ❙❡❡ ❛❧'♦ ❋✐❣✉-❡' ✷✳✶✷ ❛♥❞ ✷✳✶✸ ✐♥ 2❤❡ ❛♣♣❡♥❞✐①✳
✷✽✳ ❚❤❡ ❝♦--❡'♣♦♥❞✐♥❣ ❞✐'❝♦♥2✐♥✉✐2② ♣❧♦2' ❢♦- ❡❛❝❤ ❡'2✐♠❛2❡ ❛-❡ ♣-♦✈✐❞❡❞ ✐♥ 2❤❡ ❛♣♣❡♥❞✐①✱ ❋✐❣✉-❡
✷✳✶✹ 2♦ ✷✳✷✺✳
✺✺
❝♦♥#$❛&#✱ ✇❡ ♦❜&❡$✈❡ ♠✉❝❤ &♠❛❧❧❡$ ❞✐&❝♦♥#✐♥✉✐#② ❡&#✐♠❛#❡& #❤❛# ❛$❡ ♦♥❧② &✐❣♥✐✜❝❛♥#
❢♦$ #❤❡ ♠♦&# $❡❝❡♥# ♣❡$✐♦❞✳ ❖✈❡$❛❧❧✱ #❤✐& ✐♥❞✐❝❛#❡& #❤❛# #❤❡ ❜✐❛& ❛# #❤❡ ✶✵ ♣❡$❝❡♥#
&✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✇❛& &✉❜&#❛♥#✐❛❧ ✐♥ #❤❡ &✐①#✐❡& #❤$♦✉❣❤ ❡✐❣❤#✐❡& ♦❢ #❤❡ ❧❛&# ❝❡♥#✉$②
❛♥❞ ♥♦#❛❜❧② ❞❡❝$❡❛&❡❞ ✐♥ $❡❝❡♥# ②❡❛$&✳ ■♥ ❝♦❧✉♠♥ ✭✺✮ #♦ ✭✽✮ ✇❡ $❡♣♦$# #❤❡ $❡&✉❧#&
❢♦$ #❤❡ ✺ ♣❡$❝❡♥# &✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ■♥ ❝♦♥#$❛&# #♦ #❤❡ ✶✵ ♣❡$❝❡♥# &✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱
#❤❡ ❞✐&❝♦♥#✐♥✉✐#② ✐& ❧❛$❣❡&# ❢♦$ #❤❡ ♠♦&# $❡❝❡♥# ②❡❛$& ♦♥❧②✱ ❡✈❡♥ ✐❢ #❤❡ ✈❛❧✉❡ ✐& &#✐❧❧
$❡❧❛#✐✈❡❧② &♠❛❧❧ ✇✐#❤ ✵✳✶✻✳
❚❤❡$❡ ✐& ♥♦ &✉❜&#❛♥#✐❛❧ ❞✐&❝♦♥#✐♥✉✐#② ❛♥❞ ♥♦ &✐❣♥✐✜❝❛♥# #$❡♥❞ ♦❢ ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛& ❛#
#❤❡ ✶✪ ❧❡✈❡❧✳ ❈♦❧✉♠♥ ✭✾✮ #♦ ✭✶✷✮ $❡♣♦$# #❤❡ $❡&✉❧#& ❢♦$ #❤❡ ✶ ♣❡$❝❡♥# &✐❣♥✐✜❝❛♥❝❡
❧❡✈❡❧✳ ❚❤❡ ❞✐&❝♦♥#✐♥✉✐#② ✐& ♠♦❞❡$❛#❡ ❛♥❞ ♦♥❧② ♠❛$❣✐♥❛❧❧② &✐❣♥✐✜❝❛♥# ❢♦$ #❤❡ ✜$&#
G✉❛$#❡$ ♦❢ ♦✉$ ♦❜&❡$✈❛#✐♦♥ ♣❡$✐♦❞✳ ❋♦$ #❤❡ &❡❝♦♥❞ #♦ ❢♦✉$#❤ G✉❛$#❡$✱ ✐♥ ❝♦♥#$❛&#✱ #❤❡
❡&#✐♠❛#❡❞ ❞✐&❝♦♥#✐♥✉✐#② ✐& &♠❛❧❧ ❛♥❞ ♥❡❣❛#✐✈❡✳
✷✾
❚♦ ❢✉❧❧② ❡①♣❧♦✐# #❤❡ ❧♦♥❣✐#✉❞✐♥❛❧ ♥❛#✉$❡ ♦❢ ♦✉$ ❞❛#❛✱ ✇❡ ❣❡♥❡$❛❧✐③❡ ♦✉$ ❛♥❛❧②&❡& ❜②
✇❤❛# ✇❡ ❝❛❧❧ ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡'✳ ❚❤✐& ❛♥❛❧②&✐& ❝♦♥&✐❞❡$& ✈❛$②✐♥❣ ✐♥#❡$✈❛❧ &✐③❡&
❛♥❞ ❜♦✉♥❞❛$✐❡&✳ ❚❤✐& ✐& ♣❛$#✐❝✉❧❛$❧② ✉&❡❢✉❧ ❝♦♥&✐❞❡$✐♥❣ #❤❛# ✇❡ ❡①#$❛❝#❡❞ ❝♦♥&✐❞❡$✲
❛❜❧② ❧❡&& ❝♦❡✣❝✐❡♥#& ✐♥ ❡❛$❧✐❡$ ②❡❛$& #❤❛♥ ✐♥ $❡❝❡♥# ②❡❛$&✳ ❋✉$#❤❡$✱ #❤✐& ❡♥&✉$❡& #❤❛#
♦✉$ $❡&✉❧#& ❞♦ ♥♦# ❞❡♣❡♥❞ ♦♥ ❛ ♣❛$#✐❝✉❧❛$ ❝❤♦✐❝❡ ♦❢ &✉❜✲&❛♠♣❧❡&✳
❚❤❡ ❞❡#❛✐❧& ♦❢ #❤❡ ♣$♦❝❡❞✉$❡ ❛$❡ ❛& ❢♦❧❧♦✇&✳ ❲❡ ❝♦♠♣✉#❡ ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡'
❝♦♠♣❛$❛❜❧❡ #♦ #❤❡ ♣$✐♥❝✐♣❧❡ ♦❢ ♠♦✈✐♥❣ ❛✈❡$❛❣❡&✿
θ̂1959,k = θ̂(Z1959, Z1960, ..., Z1959+k−1)




θ̂2018−k+1,k = θ̂(Z2018−k+1, Z2018−k+2, ..., Z2018)
✭✷✳✺✮
✇❤❡$❡ Zy ✐& #❤❡ &❡# ♦❢ #❡&# &#❛#✐&#✐❝& ❡①#$❛❝#❡❞ ✐♥ ②❡❛$ y✳ ❋♦$ ❣✐✈❡♥ ✐♥#❡$✈❛❧ ❧❡♥❣#❤ k
✇❡✱ ✜$&#✱ ❡&#✐♠❛#❡ #❤❡ ❞✐&❝♦♥#✐♥✉✐#② θ̂1959,k ❢♦$ #❤❡ ✜$&# k ②❡❛$&✱ ✶✾✺✾ #♦ ✶✾✺✾+k− 1✳
❲❡ #❤❡♥ &❤✐❢# #❤❡ ✐♥#❡$✈❛❧ ❜② ♦♥❡ ②❡❛$ ❛♥❞ ❝❛❧❝✉❧❛#❡ #❤❡ ❞✐&❝♦♥#✐♥✉✐#② θ̂1960,k ❢♦$ #❤❡
♥❡①# k ②❡❛$& &#❛$#✐♥❣ ✇✐#❤ ✶✾✻✵✳ ❈♦♥#✐♥✉✐♥❣ #❤✐& ♣$♦❝❡❞✉$❡✱ ✇❡ ❡♥❞ ✇✐#❤ 60− k+ 1
❞✐&❝♦♥#✐♥✉✐#② ❡&#✐♠❛#❡& ❢♦$ 60 − k + 1 ❝♦$$❡&♣♦♥❞✐♥❣ ✐♥#❡$✈❛❧& ✇❤❡$❡❛& ♥❡✐❣❤❜♦$✐♥❣
✐♥#❡$✈❛❧& ❛❧✇❛②& ♦✈❡$❧❛♣ ❜② k − 1 ②❡❛$&✳✸✵ ❲✐#❤ #❤✐& ♣$♦❝❡❞✉$❡ ✇❡ ♠❛❦❡ &✉$❡ #❤❛#
♦✉$ $❡&✉❧#& ❞♦ ♥♦# ❞❡♣❡♥❞ ♦♥ ❛ ♣❛$#✐❝✉❧❛$ ❞✐✈✐&✐♦♥ ♦❢ ♦✉$ ♦❜&❡$✈❛#✐♦♥ ♣❡$✐♦❞✳ ❲❡
✷✾✳❆$ ❞✐$❝✉$$❡❞ ✐♥ +❤❡ ♣.❡✈✐♦✉$ $❡❝+✐♦♥ ✇❡ ❛.❡ .❡❧✉❝+❛♥+ ♦♥ ✇❤❡+❤❡. ✇❡ ❛.❡ ❛❜❧❡ +♦ .❡❧✐❛❜❧②
❡$+✐♠❛+❡ +❤❡ ❞✐$❝♦♥+✐♥✉✐+② ❛+ +❤❡ ✶ ♣❡.❝❡♥+ $✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳
✸✵✳ ◆♦+❡ +❤❛+ ✇❡ ✉$❡ +❤❡ ❞❡❢❛✉❧+ ❜❛♥❞✇✐❞+❤ ❞❡+❡.♠✐♥❡❞ ❜② +❤❡ ❡$+✐♠❛+✐♦♥ ♣.♦❝❡❞✉.❡ ❢♦. ❛❧❧
❛♥❛❧②$❡$ $✐♥❝❡ +❤❡ .❡$✉❧+$ ❛♥❞ ❞✐$❝♦♥+✐♥✉✐+② ♣❧♦+$ .❡♣♦.+❡❞ ✐♥ +❤❡ ♣.❡✈✐♦✉$ $❡❝+✐♦♥ $✉❣❣❡$+ +❤❛+ ✐+
❣❡♥❡.❛❧❧② ②✐❡❧❞$ .❡❧✐❛❜❧❡ ❡$+✐♠❛+❡$✳
✺✻
❢✉"#❤❡" ✈❛"② #❤❡ ✐♥#❡"✈❛❧ ❧❡♥❣#❤ k #♦ ❝❤❡❝❦ "♦❜✉1#♥❡11✳✸✶ ❲❡ "❡♣♦"# ♦✉" ❦❡② "❡1✉❧#1
❢♦" k = 15 ✐♥ ❋✐❣✉"❡ ✷✳✽✳ ❆❧❧ ❣"❛♣❤1 ❛"❡ ❝♦♠♣✉#❡❞ ✉1✐♥❣ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞1 ❢♦" #❤❡
✾✺✪ ❝♦♥✜❞❡♥❝❡ ❧❡✈❡❧✳
❖✉" "❡1✉❧#1 ❢♦" ♠♦✈✐♥❣ ❞✐1❝♦♥#✐♥✉✐#✐❡1 1#"✐❦✐♥❣❧② ❝♦♥✜"♠ #❤❡ "❡1✉❧#1 ❢"♦♠ ❞✐1❝"❡#❡
❛♥❛❧②1❡1✱ ❞❡♠♦♥1#"❛#✐♥❣ ❛ #"❡♥❞ ❢"♦♠ ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛1 ❛# #❤❡ ✶✵✪ #♦ #❤❡ ✺✪ ❧❡✈❡❧✳
C❛♥❡❧ ❆✱ ❇ ❛♥❞ ❈ ♦❢ ❋✐❣✉"❡ ✷✳✽ 1❤♦✇ #❤❡ "❡1✉❧#1 ❢♦" #❤❡ ✶✵ ♣❡"❝❡♥#✱ ✺ ♣❡"❝❡♥# ❛♥❞ ✶
♣❡"❝❡♥# 1✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦" k = 15✳ ❚❤❡ "❡1✉❧#1✱ #❤❡"❡❢♦"❡✱ ❞✐"❡❝#❧② ❝♦""❡1♣♦♥❞ #♦
❚❛❜❧❡ ✷✳✷✳
C❛♥❡❧ ❆ ❞❡♠♦♥1#"❛#❡1 ❛ ❞❡❝"❡❛1❡ ♦❢ ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛1 ❛# #❤❡ ✶✵✪ ❧❡✈❡❧✳ ❚❤❡ ❞✐1❝♦♥✲
#✐♥✉✐#② ✐1 ✈❡"② ❤✐❣❤ ✐♥ #❤❡ ❡❛"❧② ②❡❛"1 ♦❢ ♦✉" ♦❜1❡"✈❛#✐♦♥ ♣❡"✐♦❞✱ ✇✐#❤ ❛ θ̂ "❛♥❣✐♥❣
1#❡❛❞✐❧② ❛"♦✉♥❞ ✶✳ ■♥ #❤❡ ✜"1# ❤❛❧❢ ♦❢ #❤❡ ♦❜1❡"✈❛#✐♦♥ ♣❡"✐♦❞ #❤❡ ❞✐1❝♦♥#✐♥✉✐#② ✐1
❤✐❣❤❧② 1✐❣♥✐✜❝❛♥# ❢♦" ❛❧❧ ✐♥#❡"✈❛❧1 ✐♥❞✐❝❛#✐♥❣ ❛ ❧❛"❣❡ ♦✈❡"✲"❡♣"❡1❡♥#❛#✐♦♥ ♦❢ "❡1✉❧#1
❥✉1# ❛❜♦✈❡ #❤❡ ✶✵ ♣❡"❝❡♥# 1✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ♣❡"✐♦❞ ❢"♦♠ ✶✾✼✽ #♦ ✶✾✾✷ "❡❝♦"❞1
❛ ♥♦#❛❜❧❡ ❞"♦♣ ❛♥❞ ✐1 #❤❡ ✜"1# ✐♥#❡"✈❛❧ ❢♦" ✇❤✐❝❤ #❤❡ ❞✐1❝♦♥#✐♥✉✐#② ✐1 ♥♦# 1✐❣♥✐✜❝❛♥#
❛♥②♠♦"❡✳ ❚❤❡ ❞✐1❝♦♥#✐♥✉✐#② "❡♠❛✐♥1 1♠❛❧❧ ❛♥❞ 1✐❣♥✐✜❝❛♥#✱ ✇✐#❤ ✈❛❧✉❡1 ❝❧♦1❡ #♦ ③❡"♦✱
✉♥#✐❧ 1❤♦"#❧② ❜❡❢♦"❡ ✷✵✶✵✳ ❆❢#❡" #❤❛# ✐# 1❧♦✇❧② ✐♥❝"❡❛1❡1 #♦ ❛ 1#❛❜❧❡ ❛♥❞ 1✐❣♥✐✜❝❛♥#
❞✐1❝♦♥#✐♥✉✐#② ❛"♦✉♥❞ θ̂ = 0.3✳
C❛♥❡❧ ❇ ♣"♦✈✐❞❡1 #❤❡ ❣"❛♣❤ ❢♦" #❤❡ ✺ ♣❡"❝❡♥# 1✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ❞✐1❝♦♥#✐♥✉✐#②
✐1 ✐♥1✐❣♥✐✜❝❛♥# ❛♥❞ 1♠❛❧❧ ❢♦" ♠✉❝❤ ♦❢ #❤❡ ❡❛"❧✐❡" ♦❜1❡"✈❛#✐♦♥ ♣❡"✐♦❞✳ ❚❤❡♥✱ #❤❡"❡ ✐1
❛♥ ✐♥❝"❡❛1❡ ✐♥ ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛1 ❛❢#❡" ✷✵✵✼ ❛♥❞ #❤❡ ❞✐1❝♦♥#✐♥✉✐#② ❡1#✐♠❛#❡1 ❜❡❝♦♠❡
1✐❣♥✐✜❝❛♥# ❢"♦♠ #❤❡♥ ♦♥✱ "❛♥❣✐♥❣ ❜❡#✇❡❡♥ ✵✳✶ ❛♥❞ ✵✳✷✳
C❛♥❡❧ ❈ 1❤♦✇1 ❞✐1❝♦♥#✐♥✉✐#② #"❡♥❞1 ❢♦" #❤❡ ✶✪ 1✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡"❡ ✐1 ♥♦ 1✉❜1#❛♥✲
#✐❛❧ #"❡♥❞ ❛♥❞ ♠♦1# ♦❢ #❤❡ #✐♠❡✱ ❞✐1❝♦♥#✐♥✉✐#✐❡1 ❛"❡ ✐♥1✐❣♥✐✜❝❛♥#✳ ▼♦"❡ ✐♥ ♣❛"#✐❝✉❧❛"✱
#❤❡ ❞✐1❝♦♥#✐♥✉✐#② ❡1#✐♠❛#❡1 1#❛"# ❧❛"❣❡ ❜✉# ✐♥1✐❣♥✐✜❝❛♥# ❛♥❞ N✉✐❝❦❧② ❞"♦♣ ✐♥#♦ #❤❡
♥❡❣❛#✐✈❡ "❛♥❣❡ ✐♥ #❤❡ ❡✐❣❤#✐❡1✳ ❊✈❡♥ #❤♦✉❣❤ ✇❡ 1❡❡ 1♦♠❡ ✢✉❝#✉❛#✐♦♥1 ❛❢#❡" #❤❛#✱
#❤❡ ❞✐1❝♦♥#✐♥✉✐#② "❡♠❛✐♥1 ♥❡❣❛#✐✈❡ ❢♦" ♠♦1# ♦❢ #❤❡ ✐♥#❡"✈❛❧1✳ ❆"♦✉♥❞ ✷✵✶✵ #❤❡ ❡1#✐✲
♠❛#❡1 ❜❡❝♦♠❡ 1✐❣♥✐✜❝❛♥#✱ ❜✉# ❢♦" "❡❛1♦♥1 ❛❧"❡❛❞② ❞✐1❝✉11❡❞✱ ✇❡ ❞♦ ♥♦# 1✉❣❣❡1# #♦
♦✈❡"✲✐♥#❡"♣"❡# #❤✐1 ✜♥❞✐♥❣✳
❲❡ ❤❛✈❡ "✉♥ ❛ ♥✉♠❜❡" ♦❢ 1❡♥1✐#✐✈✐#② ❛♥❛❧②1❡1✱ ❝♦♥✜"♠✐♥❣ ♦✉" ♠❛✐♥ ✜♥❞✐♥❣1✳ ■♥
♣❛"#✐❝✉❧❛"✱ ✇❡ ❤❛✈❡ ✈❛"✐❡❞ #❤❡ ✐♥#❡"✈❛❧ ❧❡♥❣#❤1
✸✷
❛♥❞ "❡♣❡❛#❡❞ #❤❡ ❛♥❛❧②1❡1 ✇✐#❤
✸✶✳ ❋♦% ❧❛%❣❡% k ✇❡ ✇✐❧❧ ❤❛✈❡ ❤✐❣❤❡% ♣♦✇❡% ❛♥❞ ♠♦%❡ ♣%❡❝✐3❡ ❞✐3❝♦♥4✐♥✉✐4② ❡34✐♠❛4❡3 3✐♥❝❡ 4❤❡
3✐♥❣❧❡ ✐♥4❡%✈❛❧3 ❝♦♥4❛✐♥ ♠♦%❡ ✈❛❧✉❡3✳ ❖♥ 4❤❡ ♦4❤❡% ❤❛♥❞ ✇❡ 3♠♦♦4❤ ♦✈❡% ♣♦33✐❜❧❡ 4❡♠♣♦%❛❧ ✈❛%✐❛✲
4✐♦♥3✳ ■♥ ❝♦♥4%❛34✱ 3♠❛❧❧❡% k ✇✐❧❧ %❡3✉❧4 ✐♥ ❛ ♠♦%❡ ✜♥❡✲❣%❛✐♥❡❞ ❡✈❛❧✉❛4✐♦♥ ♦❢ 4❡♠♣♦%❛❧ ❝❤❛♥❣❡3✱ ❜✉4
②✐❡❧❞ ❧❡33 ♣%❡❝✐3❡ ❡34✐♠❛4❡3✳ ❚♦ ♥❛✈✐❣❛4❡ ❜❡4✇❡❡♥ 4❤❡ ♣%♦3 ❛♥❞ ❝♦♥3 ♦❢ 3♠❛❧❧❡% ❛♥❞ ❧❛%❣❡% k✱ ✇❡
❝♦♠♣✉4❡❞ ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡' ❢♦% k = 5, ..., 20✳
✸✷✳ ❋✐❣✉%❡3 ✷✳✷✻ ❛♥❞ ✷✳✷✼ ✐♥ 4❤❡ ❛♣♣❡♥❞✐① %❡♣♦%4 ✐♥4❡%✈❛❧3 ♦❢ k = 10 ❛♥❞ k = 20✳ ❆3 ❡①♣❡❝4❡❞✱
4❤❡ ♣❧♦43 ❛%❡ ♠♦%❡ ✈♦❧❛4✐❧❡ ❛♥❞ ❤❛✈❡ ✇✐❞❡% ❝♦♥✜❞❡♥❝❡ ❜❛♥❞3 ❢♦% ✶✵ ②❡❛% ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡'✳
■♥ ❝♦♥4%❛34✱ 4❤❡ ♣❧♦43 %❡♣♦%4✐♥❣ ✷✵ ②❡❛% ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡' ❛%❡ ✈❡%② 3♠♦♦4❤ ✇✐4❤ ♥❛%%♦✇❡%
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❋✐❣✉$❡ ✷✳✽✿ ❉✐+❝♦♥/✐♥✉✐/② ❡+/✐♠❛/❡+ ✇✐/❤ ✶✺ ②❡❛$ /✐♠❡ ✇✐♥❞♦✇+ ✭k = 15✮
❚❤❡ ❣'❛♣❤* ♣❧♦! ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)② ❡*!✐♠❛!❡* ❢♦' !❤❡ ✶✵✱ ✺ ❛♥❞ ✶ ♣❡'❝❡♥! *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦' ✶✺
②❡❛' !✐♠❡ ✇✐♥❞♦✇*✳ <♦*✐!✐✈❡ ✈❛❧✉❡* ✭❛❜♦✈❡ !❤❡ '❡❞ '❡❢❡'❡♥❝❡ ❧✐♥❡✮ ✐♥❞✐❝❛!❡ ❛♥ ♦✈❡'✲'❡♣'❡*❡♥!❛!✐♦♥
♦❢ '❡*✉❧!* ♦♥ !❤❡ '✐❣❤!✲❤❛♥❞ *✐❞❡ ♦❢ !❤❡ ❝✉!✲♦✛ ✈❛❧✉❡✳ ❚❤❡ *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛! ✇❤✐❝❤ ✇❡ ❡*!✐♠❛!❡
!❤❡ ❞✐*❝♦♥!✐♥✉✐!② ✐* ✶✵ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❆✱ ✺ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❇ ❛♥❞ ✶ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❈✳ ❊❛❝❤ ❞♦!
✐* !❤❡ '❡*✉❧! ♦❢ ❛ *✐♥❣❧❡ ❞✐*❝♦♥!✐♥✉✐!② ❡*!✐♠❛!✐♦♥✳ ❚❤❡ ①✲❛①✐* ♠❛'❦* !❤❡ ❡♥❞ ♣♦✐♥! ♦❢ !❤❡ '❡*♣❡❝!✐✈❡
✐♥!❡'✈❛❧*✳ ❋♦' ❡①❛♠♣❧❡✱ !❤❡ ✜'*! ❞♦! '❡♣♦'!* !❤❡ ❡*!✐♠❛!❡ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✺✾✕✶✾✼✸✱ !❤❡ *❡❝♦♥❞
❞♦! '❡♣♦'!* !❤❡ ❡*!✐♠❛!❡ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✻✵✕✶✾✼✹ ❛♥❞ *♦ ❢♦'!❤✳ ❆❞❥❛❝❡♥! ❞♦!* '❡❧❛!❡ !♦ ✐♥!❡'✈❛❧*
!❤❛! ♦✈❡'❧❛♣ ❜② ✶✹ ②❡❛'* ❡❛❝❤✳ ❚❤❡ ♦✉!❡' ❧✐♥❡* ❞❡♥♦!❡ !❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥!❡'✈❛❧ ❛♥❞ !❤❡ ❣'❛②
❜❛♥❞* ❤✐❣❤❧✐❣❤! !❤❡ ❡*!✐♠❛!✐♦♥ '❡*✉❧!* ❢♦' ❞✐*❥♦✐♥! ✐♥!❡'✈❛❧*✳
✺✽
❛♥♦#❤❡& ❞❡✜♥✐#✐♦♥ ❢♦& #❤❡ ❞✐+❝♦♥#✐♥✉✐#②✳
✸✸
❲❡ &❡♣♦&# &❡+✉❧#+ ✐♥ #❤❡ ❛♣♣❡♥❞✐①✳ ❇♦#❤
✈❛&✐❛#✐♦♥+ &❡♣❧✐❝❛#❡ #❤❡ +❤✐❢# ❢&♦♠ #❤❡ ✶✵✪ #♦ #❤❡ ✺✪ ❧❡✈❡❧✳
✷✳✽ ❈♦♥❝❧✉)✐♦♥
❲❡ ✐♥✈❡+#✐❣❛#❡ ♣❛##❡&♥+ ♦❢ ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛+ ❛♥❞ &❡❧❛#❡❞ #&❡♥❞+ ✐♥ #❤❡ ❡❝♦♥♦♠✐❝ ❧✐#✲
❡&❛#✉&❡ ♦✈❡& #❤❡ ❧❛+# +✐① ❞❡❝❛❞❡+ ✉+✐♥❣ #❤❡ ❡①❛♠♣❧❡ ♦❢ #❤❡ ◗✉❛#$❡#❧② ❏♦✉#♥❛❧ ♦❢
❊❝♦♥♦♠✐❝0✳ ❲❡ ♦❜+❡&✈❡ #❤&❡❡ +✐❣♥✐✜❝❛♥# ✜♥❞✐♥❣+✳ ❋✐#0$❧②✱ ♦✉& ❞❛#❛ ✐♥❞✐❝❛#❡+ ❛♥ ✐♥✲
❝&❡❛+✐♥❣ ❝♦♠♣❡#✐#✐♦♥ ❢♦& &❡♣✉#❛#✐♦♥ ❛♥❞ ✈✐+✐❜✐❧✐#② ❜② ♣✉❜❧✐+❤✐♥❣ ❡♠♣✐&✐❝❛❧ ✇♦&❦ ✇✐#❤
❧❛&❣❡ +❛♠♣❧❡+ ✐♥ #♦♣ ❥♦✉&♥❛❧+✳ ❖✈❡& #❤❡ ❧❛+# ✜❢#② ②❡❛&+✱ #❤❡ ❛❝❝❡♣#❛♥❝❡ &❛#❡ ✐♥ ◗❏❊
❝♦♥#✐♥✉♦✉+❧② ❞❡❝&❡❛+❡❞ ✕ ✐# ✇❛+ ♠♦&❡ #❤❛♥ #❤&❡❡ #✐♠❡+ ♠♦&❡ ❧✐❦❡❧② #♦ ❣❡# ❛❝❝❡♣#❡❞
✐♥ ✶✾✼✵ #❤❛♥ ♥♦✇❛❞❛②+✱ ✇❤❡&❡ ✐# ✐+ ❛❜♦✉# ✸✪✳ ■♥ ❛❞❞✐#✐♦♥✱ #❤❡ ❞✐+❝✐♣❧✐♥❡ ❝❤❛♥❣❡❞
❢&♦♠ ❛ ♣&✐♠❛&✐❧② #❤❡♦&❡#✐❝❛❧ #♦ ❛ ♣&✐♠❛&✐❧② ❡♠♣✐&✐❝❛❧ ✜❡❧❞ ✇✐#❤ ❛ ❞&❛♠❛#✐❝ ✐♥❝&❡❛+❡
✐♥ +❛♠♣❧❡ +✐③❡+ ✐♥ ♣✉❜❧✐+❤❡❞ +#✉❞✐❡+✱ ✐♥❞✐❝❛#✐♥❣ ❛♥ ✐♥❝&❡❛+✐♥❣ ❞❡♠❛♥❞ ❢♦& ❧❛&❣❡✲+❝❛❧❡✱
❡❧❛❜♦&❛#❡ L✉❛♥#✐#❛#✐✈❡ ✇♦&❦✳
❙❡❝♦♥❞❧②✱ ✇❡ ♦❜+❡&✈❡ ❛ +✐❣♥✐✜❝❛♥# ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛+ ♦✈❡& #❤❡ ❧❛+# +✐① ❞❡❝❛❞❡+✳ ❖✉&
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❛❜♦✈❡ #❤❡ ❝♦♠♠♦♥ #❤&❡+❤♦❧❞+ ♦❢ +✐❣♥✐✜❝❛♥❝❡ ✐♥ #❤❡ ♦❜+❡&✈❡❞ ♣❡&✐♦❞✳ ❖✉& ✜♥❞✐♥❣+
❛&❡ &♦❜✉+# ❛❝&♦++ ❞✐✛❡&❡♥# ♠❡#❤♦❞+ ❛♥❞ ✇❡ ❤❛✈❡ ❢✉&#❤❡& ❞❡✈❡❧♦♣❡❞ ❛ ♥❡✇ ♠❡#❤♦❞
❜② ❛♣♣❧②✐♥❣ #❤❡ ▼❝❈&❛&② #❡+# ♣&♦❝❡❞✉&❡ ❦♥♦✇♥ ❢&♦♠ &❡❣&❡++✐♦♥ ❞✐+❝♦♥#✐♥✉✐#② ❢♦& ❞❡✲
#❡❝#✐♥❣ +✐❣♥✐✜❝❛♥# ❞✐+❝♦♥#✐♥✉✐#✐❡+ ♦❢ &❡♣♦&#❡❞ #❡+# &❡+✉❧#+ ❛# #❤❡ ❝♦♠♠♦♥ #❤&❡+❤♦❧❞+✳
❚❤✐#❞❧②✱ ✇❡ ♦❜+❡&✈❡ ❛ +✉❜+#❛♥#✐❛❧ ❝❤❛♥❣❡ ✐♥ #❤❡ ♣❛##❡&♥+ ♦❢ ❤♦✇ ❜✐❛+❡❞ &❡+❡❛&❝❤ ✐+
♣✉❜❧✐+❤❡❞✳ ❚❤&♦✉❣❤ #❤❡ ✜&+# #❤&❡❡ ❞❡❝❛❞❡+ ✇❡ ✜♥❞ ❛ ❧❛&❣❡ ❛♥❞ +#❛❜❧❡ ❜✐❛+ ❛# #❤❡
✶✵ ♣❡&❝❡♥# +✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ✐♥❞✐❝❛#✐♥❣ #❤❡ ✐♠♣♦&#❛♥❝❡ ♦❢ #❤❛# +♣❡❝✐✜❝ #❤&❡+❤♦❧❞
✐♥ #❤♦+❡ ②❡❛&+✳ ■♥ &❡❝❡♥# ②❡❛&+ #❤❡ ♣❛##❡&♥ ❤❛+ ❝❤❛♥❣❡❞ ❛♥❞ ✇❡ ✜♥❞ ❜✐❛+ ❜♦#❤
❛# #❤❡ ✶✵ ♣❡&❝❡♥# +✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ ❛# #❤❡ ✺ ♣❡&❝❡♥# +✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤✐+
♠❡❛♥+ #❤❛# ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛+ ♠♦✈❡❞ ❢&♦♠ #❤❡ ✶✵✪ #♦ #❤❡ ✺✪ ❧❡✈❡❧✱ ✐♥❞✐❝❛#✐♥❣ #❤❛#
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❧❡❞ *❡"❡❛*❝❤❡*" ♥♦✇❛❞❛②"  ♦ ♣✉"❤  ❤❡✐* ❛♥❛❧②③❡" ❜❡②♦♥❞  ❤❡ ✺✪ "✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱
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❚❛❜❧❡ ✷✳✹✿ ❙✐❣♥✐✜❝❛♥❝❡ ▲❡✈❡❧1
α = 10% α = 5% α = 1%
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9:❡✉❞♦ R2 ✵✳✵✵✵✵ ✵✳✵✶✾✾ ✵✳✵✵✵✵ ✵✳✵✶✽✶ ✵✳✵✵✵✵ ✵✳✵✶✹✼
◆✭❝♦❡✣❝✐❡♥6:✮ ✶✹✵✾✶ ✶✹✵✾✶ ✶✹✵✾✶ ✶✹✵✾✶ ✶✹✵✾✶ ✶✹✵✾✶
◆✭❛+6✐❝❧❡:✮ ✻✵✾ ✻✵✾ ✻✵✾ ✻✵✾ ✻✵✾ ✻✵✾
◆♦"❡$✳ ❚❤❡ ❞❡♣❡♥❞❡♥6 ✈❛+✐❛❜❧❡ ✐: ❛ ❞✉♠♠② ✈❛+✐❛❜❧❡ ✐♥❞✐❝❛6✐♥❣ ✇❤❡6❤❡+ 6❤❡ ❝♦❡✣❝✐❡♥6 ✐: :✐❣♥✐✜❝❛♥6
♦♥ 6❤❡ ✶✵ ♣❡+❝❡♥6 :✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭❝♦❧✉♠♥ ✭✶✮ ❛♥❞ ✭✷✮✮✱ 6❤❡ ✺ ♣❡+❝❡♥6 :✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭❝♦❧✉♠♥
✭✸✮ ❛♥❞ ✭✹✮✮ ♦+ 6❤❡ ✶ ♣❡+❝❡♥6 :✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ✭❝♦❧✉♠♥ ✭✺✮ ❛♥❞ ✭✻✮✮✳ ❚❤❡ +❡♣♦+6❡❞ ❝♦❡✣❝✐❡♥6:
✇❡+❡ ❡:6✐♠❛6❡❞ ✐♥ ❛ ❧♦❣✐:6✐❝ +❡❣+❡::✐♦♥ ❛♥❞ ❛+❡ ❛✈❡+❛❣❡ ♠❛+❣✐♥❛❧ ❡✛❡❝6:✳ ❘♦❜✉:6 :6❛♥❞❛+❞ ❡++♦+:
❝❧✉:6❡+❡❞ ❜② ❛+6✐❝❧❡ ❛+❡ +❡♣♦+6❡❞ ✐♥ ♣❛+❡♥6❤❡:❡:✳ ✯ p < 0.10✱ ✯✯ p < 0.05✱ ✯✯✯ p < 0.01✳
✻✼
❉✐"❝♦♥&✐♥✉✐&② ❡"&✐♠❛&❡" ❢♦- ✇❡✐❣❤&❡❞ ❞❛&❛
❚❛❜❧❡ ✷✳✺✿ ❉✐+❝♦♥/✐♥✉✐/② ❡+/✐♠❛/❡+ ❢♦4 /❤❡ ❝♦♠♠♦♥ +✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧+✱ ❢✉❧❧ +❛♠♣❧❡ ❛♥❞ +✉❜✲+❛♠♣❧❡+✱ ✇❡✐❣❤/❡❞ ❞❛/❛
c = 1.64 c = 1.96 c = 2.58 ◆
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✽
◆♦"❡$✳ ❊❛❝❤ ❝❡❧❧ &❡♣♦&)* )❤❡ &❡*✉❧)* ♦❢ ❛ *✐♥❣❧❡ ▼❝❈&❛&② ❞✐*❝♦♥)✐♥✉✐)② ❡*)✐♠❛)✐♦♥✳ ❲❡ ✇❡✐❣❤)❡❞ )❤❡ ❞❛)❛ ❜② )❤❡ ♥✉♠❜❡& ♦❢ ❝♦❡✣❝✐❡♥)* )❤❛) ✇❡ ❡①)&❛❝)❡❞
♣❡& ❛&)✐❝❧❡✳ ■♥ ❝♦❧✉♠♥ ✭✶✮✱ ✭✺✮ ❛♥❞ ✭✾✮ ✇❡ &❡♣♦&) ✐♥ ❜&❛❝❦❡)* )❤❡ ❜❛♥❞✇✐❞)❤ )❤❛) )❤❡ ❧♦❝❛❧ ❧✐♥❡❛& *♠♦♦)❤✐♥❣ ♣&♦❝❡❞✉&❡ ❞❡)❡&♠✐♥❡❞ ❜② ❞❡❢❛✉❧)✳ ❆❞❞✐)✐♦♥❛❧❧②✱
✇❡ ✈❛&② )❤❡ ❜❛♥❞✇✐❞)❤ h ✐♥ )❤❡ ♦)❤❡& ❝♦❧✉♠♥* )♦ ❡①❛♠✐♥❡ )❤❡ &♦❜✉*)♥❡** ♦❢ ♦✉& &❡*✉❧)*✳ ❲❡ ♣❡&❢♦&♠ )❤❡ ❛♥❛❧②*❡* ❢♦& )❤❡ ✶✵ ♣❡&❝❡♥) *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱
✐♥❞✐❝❛)❡❞ ❜② c = 1.64✱ ✐♥ ❝♦❧✉♠♥* ✭✶✮✲✭✸✮✱ ❢♦& )❤❡ ✺ ♣❡&❝❡♥) *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ✐♥❞✐❝❛)❡❞ ❜② c = 1.96✱ ✐♥ ❝♦❧✉♠♥* ✭✹✮✲✭✻✮ ❛♥❞ ❢♦& )❤❡ ✶ ♣❡&❝❡♥) *✐❣♥✐✜❝❛♥❝❡











1965 1975 1985 1995 2005 2015
0.1 0.05 0.01
❋✐❣✉$❡ ✷✳✾✿ *$♦♣♦$-✐♦♥ ♦❢ ❙✐❣♥✐✜❝❛♥❝❡ ▲❡✈❡❧7 ♦✈❡$ -✐♠❡✱ ✶✾✺✾ ✕ ✷✵✶✽ ✭✇❡✐❣❤-❡❞ ❞❛-❛✮
❲❡ ♣❧♦% %❤❡ ❞✐)%*✐❜✉%✐♦♥ ♦❢ )✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧) ♦✈❡* %✐♠❡ ❢♦* %❤❡ ❢✉❧❧ )❛♠♣❧❡ ♦❢ ❝♦❡✣❝✐❡♥%)✱ ◆❂✶✹✳✵✾✵✳
❉❛%❛ ✐) ✇❡✐❣❤%❡❞✳ ❚❤❡ ❧✐♥❡) *❡♣*❡)❡♥% %❤❡ )❤❛*❡ ♦❢ ❝♦❡✣❝✐❡♥%) *❡❛❝❤✐♥❣ ❛ )✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦❢ ✶✵✪
✭)♦❧✐❞✮✱ ✺✪ ✭❞❛)❤❡❞✮ ♦* ✶✪ ✭❞♦%%❡❞✮✱ *❡)♣❡❝%✐✈❡❧②✳
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"❤❛" ❝❧✉%"❡'✐♥❣ ❛" ✐♥"❡❣❡' ✈❛❧✉❡% ✐% '❡❞✉❝❡❞✳
✼✶
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z statistics
cutoff c=1.64, bandwidth h=1.6
1959-2018
❋✐❣✉$❡ ✷✳✶✶✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 1.64✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✶✾✺✾✲✷✵✶✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠
❢♦$ *❤❡ ✶✵ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$
$❡❣$❡''✐♦♥✳ ❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤'
'❤♦✇ *❤❡ $❡'✉❧*' ❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧
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z statistics
cutoff c=1.96, bandwidth h=1.6
1959-2018
❋✐❣✉$❡ ✷✳✶✷✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 1.96✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✶✾✺✾✲✷✵✶✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✺ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
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z statistics
cutoff c=2.58, bandwidth h=1.6
1959-2018
❋✐❣✉$❡ ✷✳✶✸✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 2.58✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✺✾✲✷✵✶✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✶ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
❡'*✐♠❛*✐♦♥ ✭❡♠❡$❛❧❞ ❧✐♥❡✮ ✇✐*❤ *❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳
✼✹
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z statistics
cutoff c=1.64, bandwidth h=1.6
1959-1973
❋✐❣✉$❡ ✷✳✶✹✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 1.64✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✺✾✲✶✾✼✸
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠
❢♦$ *❤❡ ✶✵ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$
$❡❣$❡''✐♦♥✳ ❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤'
'❤♦✇ *❤❡ $❡'✉❧*' ❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧
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z statistics
cutoff c=1.96, bandwidth h=1.6
1959-1973
❋✐❣✉$❡ ✷✳✶✺✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 1.96✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✺✾✲✶✾✼✸
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✺ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
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z statistics
cutoff c=2.58, bandwidth h=1.6
1959-1973
❋✐❣✉$❡ ✷✳✶✻✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 2.58✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✺✾✲✶✾✼✸
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✶ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
❡'*✐♠❛*✐♦♥ ✭❡♠❡$❛❧❞ ❧✐♥❡✮ ✇✐*❤ *❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳
✼✼
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z statistics
cutoff c=1.64, bandwidth h=1.6
1973-1988
❋✐❣✉$❡ ✷✳✶✼✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 1.64✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✼✹✲✶✾✽✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠
❢♦$ *❤❡ ✶✵ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$
$❡❣$❡''✐♦♥✳ ❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤'
'❤♦✇ *❤❡ $❡'✉❧*' ❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧
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cutoff c=1.96, bandwidth h=1.6
1973-1988
❋✐❣✉$❡ ✷✳✶✽✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 1.96✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✼✹✲✶✾✽✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✺ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
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cutoff c=2.58, bandwidth h=1.6
1973-1988
❋✐❣✉$❡ ✷✳✶✾✿ ❉✐,❝♦♥0✐♥✉✐0② 2❧♦0,✱ c = 2.58✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞0❤✱ ✶✾✼✹✲✶✾✽✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✶ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
❡'*✐♠❛*✐♦♥ ✭❡♠❡$❛❧❞ ❧✐♥❡✮ ✇✐*❤ *❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳
✽✵
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cutoff c=1.64, bandwidth h=1.6
1989-2003
❋✐❣✉$❡ ✷✳✷✵✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 1.64✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✶✾✽✾✲✷✵✵✸
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠
❢♦$ *❤❡ ✶✵ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$
$❡❣$❡''✐♦♥✳ ❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤'
'❤♦✇ *❤❡ $❡'✉❧*' ❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧
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cutoff c=1.96, bandwidth h=1.6
1989-2003
❋✐❣✉$❡ ✷✳✷✶✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 1.96✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✶✾✽✾✲✷✵✵✸
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✺ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
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z statistics
cutoff c=1.64, bandwidth h=1.6
1989-2003
❋✐❣✉$❡ ✷✳✷✷✿ ❉✐*❝♦♥.✐♥✉✐.② 0❧♦.*✱ c = 2.58✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞.❤✱ ✶✾✽✾✲✷✵✵✸
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✶ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
❡'*✐♠❛*✐♦♥ ✭❡♠❡$❛❧❞ ❧✐♥❡✮ ✇✐*❤ *❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳
✽✸
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cutoff c=1.64, bandwidth h=1.6
2004-2018
❋✐❣✉$❡ ✷✳✷✸✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 1.64✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✷✵✵✹✲✷✵✶✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠
❢♦$ *❤❡ ✶✵ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ "❤❡ ❧♦❝❛❧ ❧✐♥❡❛*
*❡❣*❡,,✐♦♥✳ ❚❤❡ ✉♣♣❡* ❧❡❢" ❣*❛♣❤ ,❤♦✇, "❤❡ *❡,✉❧", ❢♦* "❤❡ ❞❡❢❛✉❧" ❜❛♥❞✇✐❞"❤✱ "❤❡ ♦"❤❡* ❣*❛♣❤,
,❤♦✇ "❤❡ *❡,✉❧", ❢♦* h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣*❛♣❤, ♣❧♦" "❤❡ ❞✐,"*✐❜✉"✐♦♥ ✭❣*❡② ❝✐*❝❧❡,✮ ❛♥❞ "❤❡ ❧♦❝❛❧
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cutoff c=1.96, bandwidth h=1.6
2004-2018
❋✐❣✉$❡ ✷✳✷✹✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 1.96✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✷✵✵✹✲✷✵✶✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✺ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
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cutoff c=2.58, bandwidth h=1.6
2004-2018
❋✐❣✉$❡ ✷✳✷✺✿ ❉✐+❝♦♥/✐♥✉✐/② 1❧♦/+✱ c = 2.58✱ ✈❛$②✐♥❣ ❜❛♥❞✇✐❞/❤✱ ✷✵✵✹✲✷✵✶✽
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$② ❛❧❣♦$✐*❤♠ ❢♦$
*❤❡ ✶ '✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ ✉♥✇❡✐❣❤*❡❞ ❞❛*❛✳ ❲❡ ✈❛$② *❤❡ ❜❛♥❞✇✐❞*❤ h ♦❢ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ $❡❣$❡''✐♦♥✳
❚❤❡ ✉♣♣❡$ ❧❡❢* ❣$❛♣❤ '❤♦✇' *❤❡ $❡'✉❧*' ❢♦$ *❤❡ ❞❡❢❛✉❧* ❜❛♥❞✇✐❞*❤✱ *❤❡ ♦*❤❡$ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*'
❢♦$ h = {0.8, 1.2, 1.6}✳ ❚❤❡ ❣$❛♣❤' ♣❧♦* *❤❡ ❞✐'*$✐❜✉*✐♦♥ ✭❣$❡② ❝✐$❝❧❡'✮ ❛♥❞ *❤❡ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*②
❡'*✐♠❛*✐♦♥ ✭❡♠❡$❛❧❞ ❧✐♥❡✮ ✇✐*❤ *❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳
✽✻
▼♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡' ❢♦- ❞✐✛❡-❡♥) ✐♥)❡-✈❛❧ '✐③❡ k
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❋✐❣✉$❡ ✷✳✷✻✿ ❉✐+❝♦♥/✐♥✉✐/② ❡+/✐♠❛/❡+ ✇✐/❤ ✶✵ ②❡❛$ /✐♠❡ ✇✐♥❞♦✇+ ✭k = 10✮
❚❤❡ ❣'❛♣❤* ♣❧♦! ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)② ❡*!✐♠❛!❡* ❢♦' !❤❡ ✶✵✱ ✺ ❛♥❞ ✶ ♣❡'❝❡♥! *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦' ✶✵
②❡❛' !✐♠❡ ✇✐♥❞♦✇*✳ <♦*✐!✐✈❡ ✈❛❧✉❡* ✭❛❜♦✈❡ !❤❡ '❡❞ '❡❢❡'❡♥❝❡ ❧✐♥❡✮ ✐♥❞✐❝❛!❡ ❛♥ ♦✈❡'✲'❡♣'❡*❡♥!❛!✐♦♥
♦❢ '❡*✉❧!* ♦♥ !❤❡ '✐❣❤!✲❤❛♥❞ *✐❞❡ ♦❢ !❤❡ ❝✉!✲♦✛ ✈❛❧✉❡✳ ❚❤❡ *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛! ✇❤✐❝❤ ✇❡ ❡*!✐♠❛!❡
!❤❡ ❞✐*❝♦♥!✐♥✉✐!② ✐* ✶✵ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❆✱ ✺ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❇ ❛♥❞ ✶ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❈✳ ❊❛❝❤ ❞♦!
✐* !❤❡ '❡*✉❧! ♦❢ ❛ *✐♥❣❧❡ ❞✐*❝♦♥!✐♥✉✐!② ❡*!✐♠❛!✐♦♥✳ ❚❤❡ ① ❛①✐* ♠❛'❦* !❤❡ ❡♥❞ ♣♦✐♥! ♦❢ !❤❡ '❡*♣❡❝!✐✈❡
✐♥!❡'✈❛❧*✳ ❋♦' ❡①❛♠♣❧❡✱ !❤❡ ✜'*! ❞♦! '❡♣♦'!* !❤❡ ❡*!✐♠❛!❡ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✺✾✕✶✾✻✽✱ !❤❡ *❡❝♦♥❞ ❞♦!
'❡♣♦'!* !❤❡ ❡*!✐♠❛!❡ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✻✵✕✶✾✻✾ ❛♥❞ *♦ ❢♦'!❤✳ ❆❞❥❛❝❡♥! ❞♦!* '❡❧❛!❡ !♦ ✐♥!❡'✈❛❧* !❤❛!
♦✈❡'❧❛♣ ❜② ✾ ②❡❛'* ❡❛❝❤✳ ❚❤❡ ♦✉!❡' ❧✐♥❡* ❞❡♥♦!❡ !❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥!❡'✈❛❧ ❛♥❞ !❤❡ ❣'❛② ❜❛♥❞*
❤✐❣❤❧✐❣❤! !❤❡ ❡*!✐♠❛!✐♦♥ '❡*✉❧!* ❢♦' ❞✐*❥♦✐♥! ✐♥!❡'✈❛❧*✳
✽✼
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❋✐❣✉$❡ ✷✳✷✼✿ ❉✐+❝♦♥/✐♥✉✐/② ❡+/✐♠❛/❡+ ✇✐/❤ ✷✵ ②❡❛$ /✐♠❡ ✇✐♥❞♦✇+ ✭k = 20✮
❚❤❡ ❣'❛♣❤* ♣❧♦! ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)② ❡*!✐♠❛!❡* ❢♦' !❤❡ ✶✵✱ ✺ ❛♥❞ ✶ ♣❡'❝❡♥! *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦' ✷✵
②❡❛' !✐♠❡ ✇✐♥❞♦✇*✳ =♦*✐!✐✈❡ ✈❛❧✉❡* ✭❛❜♦✈❡ !❤❡ '❡❞ '❡❢❡'❡♥❝❡ ❧✐♥❡✮ ✐♥❞✐❝❛!❡ ❛♥ ♦✈❡'✲'❡♣'❡*❡♥!❛!✐♦♥
♦❢ '❡*✉❧!* ♦♥ !❤❡ '✐❣❤!✲❤❛♥❞ *✐❞❡ ♦❢ !❤❡ ❝✉!✲♦✛ ✈❛❧✉❡✳ ❚❤❡ *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛! ✇❤✐❝❤ ✇❡ ❡*!✐♠❛!❡
!❤❡ ❞✐*❝♦♥!✐♥✉✐!② ✐* ✶✵ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❆✱ ✺ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❇ ❛♥❞ ✶ ♣❡'❝❡♥! ✐♥ ♣❛♥❡❧ ❈✳ ❊❛❝❤ ❞♦!
✐* !❤❡ '❡*✉❧! ♦❢ ❛ *✐♥❣❧❡ ❞✐*❝♦♥!✐♥✉✐!② ❡*!✐♠❛!✐♦♥✳ ❚❤❡ ① ❛①✐* ♠❛'❦* !❤❡ ❡♥❞ ♣♦✐♥! ♦❢ !❤❡ '❡*♣❡❝!✐✈❡
✐♥!❡'✈❛❧*✳ ❋♦' ❡①❛♠♣❧❡✱ !❤❡ ✜'*! ❞♦! '❡♣♦'!* !❤❡ ❡*!✐♠❛!❡ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✺✾✕✶✾✼✽✱ !❤❡ *❡❝♦♥❞
❞♦! '❡♣♦'!* !❤❡ ❡*!✐♠❛!❡ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✻✵✕✶✾✼✾ ❛♥❞ *♦ ❢♦'!❤✳ ❆❞❥❛❝❡♥! ❞♦!* '❡❧❛!❡ !♦ ✐♥!❡'✈❛❧*
!❤❛! ♦✈❡'❧❛♣ ❜② ✶✾ ②❡❛'* ❡❛❝❤✳ ❚❤❡ ♦✉!❡' ❧✐♥❡* ❞❡♥♦!❡ !❤❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ✐♥!❡'✈❛❧ ❛♥❞ !❤❡ ❣'❛②
❜❛♥❞* ❤✐❣❤❧✐❣❤! !❤❡ ❡*!✐♠❛!✐♦♥ '❡*✉❧!* ❢♦' ❞✐*❥♦✐♥! ✐♥!❡'✈❛❧*✳
✽✽
✷✳✾✳✹ ❆❞❞✐'✐♦♥❛❧ ,♦❜✉/'♥❡// '❡/'
❚❤❡ ❝❛❧✐♣❡( )❡*)
❙✐♥❝❡ ✇❡ ♣'♦♣♦)❡ ❛ ♥❡✇ ♠❡,❤♦❞ ,♦ ❞❡,❡❝, ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛) ✕,❤❡ ▼❝❈'❛'② ,❡),
♣'♦❝❡❞✉'❡✕✱ ✇❡ ✇❛♥, ,♦ ♠❛❦❡ )✉'❡ ,❤❛, ♦✉' '❡)✉❧,) ❛❧)♦ ❤♦❧❞ ✇❤❡♥ ✉)✐♥❣ ❛♥♦,❤❡'✱
♠♦'❡ ❝♦♥✈❡♥,✐♦♥❛❧ ♠❡,❤♦❞✳ ❊✈❡♥ ,❤♦✉❣❤ ,❤❡'❡ ✐) ♥♦, ②❡, ❛ ✏),❛♥❞❛'❞✑ ♣'♦❝❡❞✉'❡
,♦ ✐♥✈❡),✐❣❛,❡ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛) ✐♥ ,❤❡ ❝❛)❡ ♦❢ ❤❡,❡'♦❣❡♥❡♦✉) ❡✛❡❝,)✱ )❡✈❡'❛❧ ❛✉,❤♦')
✉)❡❞ ,❤❡ )♦✲❝❛❧❧❡❞ ❈❛❧✐♣❡& ,❡), ✭❡✳❣✳ ❆✉)♣✉'❣ ❡, ❛❧✳✱ ✷✵✶✹❀ ❇❡'♥✐♥❣ ❛♥❞ ❲❡✐J✱ ✷✵✶✻❀
●❡'❜❡' ❛♥❞ ▼❛❧❤♦,'❛✱ ✷✵✵✽❛✮ ✐♥ ♣'❡✈✐♦✉) ),✉❞✐❡)✳
❏✉), ❛) ,❤❡ ▼❝❈'❛'② ♣'♦❝❡❞✉'❡✱ ,❤❡ ❝❛❧✐♣❡' ,❡), ✐) ❜❛)❡❞ ♦♥ ,❤❡ ❛))✉♠♣,✐♦♥ ,❤❛,✱
,❤♦✉❣❤ ,❤❡ ❡①❛❝, ❞✐),'✐❜✉,✐♦♥ ♦❢ ,❡), )❝♦'❡) ✐) ✉♥❦♥♦✇♥✱ ✐, )❤♦✉❧❞ ❜❡ ❝♦♥,✐♥✉♦✉)
❛♥❞ ✇✐,❤♦✉, ❛♥② ❥✉♠♣) ✭●❡'❜❡' ❛♥❞ ▼❛❧❤♦,'❛✱ ✷✵✵✽❛✮✳ ❇✉,✱ ✇❤❡'❡❛) ,❤❡ ▼❝❈'❛'②
♣'♦❝❡❞✉'❡ ✉)❡) ,❤❡ ❡♥,✐'❡ ❞✐),'✐❜✉,✐♦♥✱ ,❤❡'❡❜② ❣✐✈✐♥❣ ♠♦'❡ ✇❡✐❣❤, ,♦ ,❤❡ ❛'❡❛) ,❤❛,
❛'❡ ❝❧♦)❡' ,♦ ,❤❡ '❡)♣❡❝,✐✈❡ ❧❡✈❡❧ ♦❢ )✐❣♥✐✜❝❛♥❝❡✱ ,❤❡ ❝❛❧✐♣❡' ♣'♦❝❡❞✉'❡ ♦♥❧② ❢♦❝✉)❡)
♦♥ ❛ )♠❛❧❧ ❧♦❝❛❧ ❛'❡❛ ❛'♦✉♥❞ ,❤❡ ,❤'❡)❤♦❧❞) ♦❢ ),❛,✐),✐❝❛❧ )✐❣♥✐✜❝❛♥❝❡✳ ■, ❝♦♠♣❛'❡)
,❤❡ ♦❝❝✉''❡♥❝❡ ♦❢ ,❡), ),❛,✐),✐❝) ❥✉), ❛❜♦✈❡ ❛♥❞ ❥✉), ❜❡❧♦✇ ,❤❡ ❝'✐,✐❝❛❧ ,❤'❡)❤♦❧❞ ♦❢
)✐❣♥✐✜❝❛♥❝❡ ✭✐✳❡✳✱ ✶✳✾✻ ❢♦' ,❤❡ ,✇♦✲)✐❞❡❞ )✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ♦❢ α = 0.05✮ ❛♥❞ ✐) ❜❛)❡❞ ♦♥
,❤❡ ❛))✉♠♣,✐♦♥ ,❤❛, ✐♥ ❛❜)❡♥❝❡ ♦❢ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛) ,❤❡ ❢'❡U✉❡♥❝② ♦❢ ,❡), ),❛,✐),✐❝) ✐♥
♥❛''♦✇✱ ❡U✉❛❧✲)✐③❡❞ ✐♥,❡'✈❛❧) ❥✉), ❛❜♦✈❡ ❛♥❞ ❥✉), ❜❡❧♦✇ ,❤❡ ❝'✐,✐❝❛❧ ,❤'❡)❤♦❧❞ )❤♦✉❧❞
♥♦, ❞✐✛❡'✳ ❚❤✉)✱ ✐♥ ❝♦♥,'❛),✱ ❛ )✉❜),❛♥,✐❛❧ ♦✈❡'✲'❡♣'❡)❡♥,❛,✐♦♥ ♦❢ ♦❜)❡'✈❛,✐♦♥) ✐♥
,❤❡ ✐♥,❡'✈❛❧ ❥✉), ❛❜♦✈❡ ,❤❡ ❝'✐,✐❝❛❧ ,❤'❡)❤♦❧❞ ✐) '❡❣❛'❞❡❞ ❛) ❡✈✐❞❡♥❝❡ ❢♦' ♣✉❜❧✐❝❛,✐♦♥
❜✐❛)✳ ❚❤❡'❡❢♦'❡✱ ✉♥❞❡' ,❤❡ ♥✉❧❧ ❤②♣♦,❤❡)✐) ♦❢ ♥♦ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛)✱ ,❤❡ ✐♥,❡'✈❛❧)
(c− ǫ, c] ❛♥❞ (c, c+ ǫ],
✇❤❡'❡ c ✐) ,❤❡ '❡)♣❡❝,✐✈❡ ❧❡✈❡❧ ♦❢ )✐❣♥✐✜❝❛♥❝❡ ✭)✉❝❤ ❛) ✶✳✻✺ ❢♦' α = 0.10✱ ✶✳✾✻ ❢♦'
α = 0.05 ❛♥❞ ✷✳✺✽ ❢♦' α = 0.01✮ ❛♥❞ ǫ ,❤❡ ✐♥,❡'✈❛❧ ✇✐❞,❤✱ )❤♦✉❧❞ ❜❡ ❡U✉❛❧❧② ❧✐❦❡❧②✳
▼♦'❡ ,❡❝❤♥✐❝❛❧✱ ✐❢ ✇❡ ♦❜)❡'✈❡ n ,❡), ),❛,✐),✐❝) ✐♥ ,❤❡ ❡♥,✐'❡ '❛♥❣❡ x± ǫ ,❤❡ ♥✉♠❜❡' ♦❢
,❡), ),❛,✐),✐❝) ,❤❛, ❢❛❧❧ ✐♥ ,❤❡ ✉♣♣❡' ✐♥,❡'✈❛❧ (c; c+ ǫ] ❢♦❧❧♦✇) ❛ ❜✐♥♦♠✐❛❧ ❞✐),'✐❜✉,✐♦♥
✇✐,❤ (n, p = 0.5)✳ ❚❤❡ ♣❛'❛♠❡,❡' ǫ ✐) ❛ ♣❡'❝❡♥,❛❣❡ ✈❛❧✉❡ ❛♥❞ ❞❡♥♦,❡) ,❤❡ )✐③❡ ♦❢ ,❤❡
❝❛❧✐♣❡' ✐♥,❡'✈❛❧✳ ❚❤❡ )♠❛❧❧❡' ✇❡ ❝❤♦♦)❡ ǫ✱ ,❤❡ ❝❧♦)❡' ✇❡ ❛♣♣'♦❛❝❤ ,❤❡ ❝'✐,✐❝❛❧ ✈❛❧✉❡✱
,❤✉) ♣'♦✈✐❞✐♥❣ ❛ ✈❡'② ),'✐❝, ❛♥❞ ♣'❡❝✐)❡ ,❡), ♦❢ ♣✉❜❧✐❝❛,✐♦♥ ❜✐❛)✳ ❍♦✇❡✈❡'✱ )♠❛❧❧
❝❛❧✐♣❡' ✐♥,❡'✈❛❧) ②✐❡❧❞ ♦♥❧② )♠❛❧❧ ✐♥,❡'✈❛❧ )❛♠♣❧❡ )✐③❡) ❛♥❞ ,❤❡'❡❢♦'❡ ❤❛✈❡ ❧♦✇ ♣♦✇❡'✳
❚❡),✐♥❣ ❢♦' ,❤❡ ❞✐✛❡'❡♥, ❝❛❧✐♣❡' ✇✐❞,❤)✱ ❡✳❣✳ ✺✪✱ ✶✵✪ ❛♥❞ ✶✺✪✱ ❛♥❞ ❝♦♠♣❛'✐♥❣ ,❤❡
'❡)✉❧,) ♦✛❡') ❛ ,'❛❞❡✲♦✛ ❜❡,✇❡❡♥ )❛♠♣❧❡ )✐③❡ ❛♥❞ ),❛,✐),✐❝❛❧ ♣♦✇❡'✳
❉❡)♣✐,❡ ✐,) ♠❛❥♦' ),'❡♥❣,❤ ♦❢ '❡U✉✐'✐♥❣ ♦♥❧② ❢❡✇ ❞✐),'✐❜✉,✐♦♥❛❧ ❛))✉♠♣,✐♦♥)✱ ,❤❡'❡ ❛'❡
❝❡',❛✐♥ ❞'❛✇❜❛❝❦) ❛))♦❝✐❛,❡❞ ✇✐,❤ ,❤❡ ❝❛❧✐♣❡' ,❡),✳ ❚❤❡ ❝❛❧✐♣❡' ,❡), ✉)✉❛❧❧② ✐♥✈♦❧✈❡)
✽✾
❚❛❜❧❡ ✷✳✻✿ ❖✈❡+✈✐❡✇✿ ❈❛❧✐♣❡+ ■♥2❡+✈❛❧3
✺✪ ❝❛❧✐♣❡( ✶✵✪ ❝❛❧✐♣❡( ✶✺✪ ❝❛❧✐♣❡(
❯❈ ❖❈ ❯❈ ❖❈ ❯❈ ❖❈
✶✵✪ ❧❡✈❡❧


















◆♦"❡$✳ ❯❈ ✲ ✉♥❞❡' ❝❛❧✐♣❡'✱ ❖❈ ✲ ♦✈❡' ❝❛❧✐♣❡'✳ ❚❤❡ 4❛❜❧❡ 6❤♦✇6 4❤❡ ✐♥4❡'✈❛❧ ❜♦✉♥❞❛'✐❡6 ❛4 4❤❡ ✶✵✪✱
✺✪ ❛♥❞ ✶✪ 6✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦' ✈❛'②✐♥❣ ❝❛❧✐♣❡' 6✐③❡6✳
a,b ,c ✲ ✐♥4❡'✈❛❧6 6❤❛'✐♥❣ 4❤❡ 6❛♠❡ 6✉♣❡'6❝'✐♣4
❞♦ ♦✈❡'❧❛♣✳
♠✉❧2✐♣❧❡ 3✐♠✉❧2❛♥❡♦✉3 ❛♥❛❧②3❡3 3✐♥❝❡ 2❤❡ ❝❛❧✐♣❡+ 3✐③❡3 ❛+❡ ✈❛+✐❡❞✳ ❙♠❛❧❧❡+ ❝❛❧✐♣❡+
✐♥2❡+✈❛❧3 ❛+❡ ❛❧✇❛②3 ✐♥❝❧✉❞❡❞ ✐♥ ❧❛+❣❡+ ❝❛❧✐♣❡+ ✐♥2❡+✈❛❧3 ❛♥❞ +❡3❡❛+❝❤❡+3 ✇♦✉❧❞ 2❤❡♥
❢❛❝❡ ❛ ♠✉❧2✐♣❧❡ 2❡32✐♥❣ ♣+♦❜❧❡♠ ✭❆✉3♣✉+❣ ❡2 ❛❧✳✱ ✷✵✶✹✮✳ ❍♦✇❡✈❡+✱ 2❤❡+❡ ❛+❡ ❝♦++❡❝2✐♦♥
♠❡2❤♦❞3 2❤❛2 ♠❛② ❛❝❝♦✉♥2 ❢♦+ 2❤❛2 ✭❍♦❧♠✱ ✶✾✼✾✮✳ ❋✉+2❤❡+✱ 2❤❡ 2❡32 ✐♥✈♦❧✈❡3 ❛
3✉❜32❛♥2✐❛❧ +❡❞✉❝2✐♦♥ ✐♥ 3❛♠♣❧❡ 3✐③❡ ❜❡❝❛✉3❡ ♦♥❧② 2❤♦3❡ 2❡32 32❛2✐32✐❝3 ✈❡+② ❝❧♦3❡ 2♦
2❤❡ 2❤+❡3❤♦❧❞ ♦❢ 3✐❣♥✐✜❝❛♥❝❡ ❛+❡ ✉3❡❞ ❢♦+ 2❤❡ 2❡32✳ ❚❤✐3 ♠❛② ❡✈❡♥2✉❛❧❧② +❡3✉❧2 ✐♥ ❧♦✇
♣♦✇❡+✳ ❆❞❞✐2✐♦♥❛❧❧②✱ ❢♦+ ❧❛+❣❡ ✐♥2❡+✈❛❧ 3✐③❡3✱ ❤❡♥❝❡ ❧❛+❣❡ ǫ✱ 2❤❡ ❝❛❧✐♣❡+ ✐♥2❡+✈❛❧3 ❢+♦♠
❞✐✛❡+❡♥2 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧3 ✇✐❧❧ ♦✈❡+❧❛♣✳ ❙♦ ✐2 ♠❛② ❤❛♣♣❡♥✱ 2❤❛2 ❛ ❝♦❡✣❝✐❡♥2 ✐3 ✐♥
2❤❡ ✉♣♣❡+ ❝❛❧✐♣❡+ ✐♥2❡+✈❛❧ ♦❢ 2❤❡ ✶✵ ♣❡+❝❡♥2 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❛♥❞ ✐♥ 2❤❡ ❧♦✇❡+ ❝❛❧✐♣❡+
✐♥2❡+✈❛❧ ♦❢ 2❤❡ ✺ ♣❡+❝❡♥2 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ■♥ ❝❛3❡ ♦❢ ❞♦✉❜2✱ ♥❛++♦✇❡+ ✐♥2❡+✈❛❧3 3❤♦✉❧❞
2❤❡+❡❢♦+❡ ❜❡ ♣+❡❢❡++❡❞✳
❚❛❜❧❡ ✷✳✻ ♣+♦✈✐❞❡3 ❛♥ ♦✈❡+✈✐❡✇ ♦❢ 2❤❡ ❝❛❧✐♣❡+ ✐♥2❡+✈❛❧3 ❢♦+ ✇❤✐❝❤ ✇❡ ✇✐❧❧ ❝♦♠♣❛+❡
2❤❡ ♣+❡✈❛❧❡♥❝❡ ♦❢ 2❡32 32❛2✐32✐❝3 ❢♦+ 2❤❡ ❞✐✛❡+❡♥2 3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧3✳ ❲❡ ❝❤♦3❡ ❝❛❧✐♣❡+
3✐③❡3 ♦❢ ǫ = 5%✱ ǫ = 10% ❛♥❞ ǫ = 15%✳
■♥ ✇❤❛2 ❢♦❧❧♦✇3✱ ✇❡ ✇✐❧❧✱ ✜+32✱ +❡♣♦+2 ❝+♦33✲3❡❝2✐♦♥❛❧ ❝❛❧✐♣❡+ +❡3✉❧23 2♦ ❣❡2 ❛♥ ♦✈❡+✈✐❡✇
♦❢ 2❤❡ ♦✈❡+❛❧❧ ❞✐32+✐❜✉2✐♦♥ ♦❢ 2❡32 32❛2✐32✐❝3 ❥✉32 ❜❡❧♦✇ ❛♥❞ ❥✉32 ❛❜♦✈❡ 2❤❡ +❡3♣❡❝2✐✈❡
3✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧3✳ ❙❡❝♦♥❞✱ ✇❡ ✇✐❧❧ ❝♦♥32+✉❝2 ♠♦✈✐♥❣ ❝❛❧✐♣❡+ +❛,✐♦- ❥✉32 ❛3 ✇❡ ❝♦♥✲
32+✉❝2❡❞ ♠♦✈✐♥❣ ❞✐-❝♦♥,✐♥✉✐,✐❡- 2♦ ✐♥✈❡32✐❣❛2❡ 2✐♠❡ 2+❡♥❞3✳
✾✵
❈!♦##✲#❡❝'✐♦♥
❲❡ "#❛%# ✇✐#❤ ❛ ❝%♦""✲"❡❝#✐♦♥❛❧ ❝❛❧✐♣❡% ❛♥❛❧②"✐"✳ ❋✐❣✉%❡ ✷✳✼ %❡♣♦%#" #❤❡ ♥✉♠❜❡% ♦❢
#❡"# "#❛#✐"#✐❝" #❤❛# ❢❛❧❧ ✐♥ #❤❡ ✉♣♣❡% ✭♦✈❡% ❝❛❧✐♣❡%✮ ❛♥❞ ❧♦✇❡% ✭✉♥❞❡% ❝❛❧✐♣❡%✮ ✐♥#❡%✈❛❧
❢♦% #❤❡ ✶✵✪✱ ✺✪ ❛♥❞ ✶✪ "✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦% ✈❛%②✐♥❣ ❝❛❧✐♣❡% ✇✐❞#❤"✳
❋♦% #❤❡ ✶✵✪ "✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ #❤❡%❡ ✐" ❛ ❝❧❡❛% ♦✈❡%✲%❡♣%❡"❡♥#❛#✐♦♥ ♦❢ #❡"# "#❛#✐"#✐❝" ✐♥
#❤❡ ♦✈❡% ❝❛❧✐♣❡%✳ ❚❤❡ ❞✐"#%✐❜✉#✐♦♥ "✐❣♥✐✜❝❛♥#❧② ❞✐✛❡%" ❢%♦♠ ❛ ✉♥✐❢♦%♠ ❞✐"#%✐❜✉#✐♦♥ ❢♦%
❛❧❧ ❝❛❧✐♣❡% "✐③❡" ✇✐#❤ ❛# ❧❡❛"# p < 0.10✳ ❋♦% #❤❡ ♥❛%%♦✇❡"# ✐♥#❡%✈❛❧✱ #❤❡ ✺✪ ❝❛❧✐♣❡%✱ ✇❡
♦❜"❡%✈❡ ✶✸✳✸✪ ♠♦%❡ #❡"# "#❛#✐"#✐❝" ✐♥ #❤❡ ♦✈❡% ❝❛❧✐♣❡% #❤❛♥ ✐♥ #❤❡ ✉♥❞❡% ❝❛❧✐♣❡%✳ ❋♦%
#❤❡ ❧❛%❣❡"# ✐♥#❡%✈❛❧✱ #❤❡ ✶✺✪ ❝❛❧✐♣❡%✱ #❤❡%❡ ✐" ❛♥ ♦✈❡%✲%❡♣%❡"❡♥#❛#✐♦♥ ♦❢ ❡✈❡♥ ✷✶✳✷✪✳
❲❡ ✜♥❞ "✐♠✐❧❛% ♣❛##❡%♥" ❢♦% #❤❡ ✺✪ "✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❋♦% ❛❧❧ ❝❛❧✐♣❡% "✐③❡"✱ #❤❡%❡
❛%❡ "✐❣♥✐✜❝❛♥#❧② ♠♦%❡ #❡"# "#❛#✐"#✐❝" ✐♥ #❤❡ ♦✈❡% #❤❛♥ ✐♥ #❤❡ ✉♥❞❡% ❝❛❧✐♣❡% ✭❛# ❧❡❛"#
p < 0.07✮✳ ❚❤❡ ♦✈❡%✲%❡♣%❡"❡♥#❛#✐♦♥ %❛♥❣❡" ❢%♦♠ ✶✺✳✻✪ ❢♦% #❤❡ "♠❛❧❧❡"# ❝❛❧✐♣❡% #♦
✽✳✹✪ ❢♦% #❤❡ ❧❛%❣❡"# ❝❛❧✐♣❡%✳ ■♥ ❝♦♥#%❛"#✱ ✇❡ ✜♥❞ ♥♦ ♦✈❡%✲%❡♣%❡"❡♥#❛#✐♦♥ ❢♦% #❤❡ ✶✪
"✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ✇❤❡%❡ #❤❡%❡ ❡✈❡♥ ❛%❡ ♠♦%❡ #❡"# "#❛#✐"#✐❝" ✐♥ #❤❡ ✉♥❞❡% #❤❛♥ ✐♥ #❤❡
♦✈❡% ❝❛❧✐♣❡%✳
❖✈❡%❛❧❧✱ #❤❡"❡ %❡"✉❧#" ❝♦♥✜%♠ #❤❡ %❡"✉❧#" ❢%♦♠ ♦✉% ❝%♦""✲"❡❝#✐♦♥❛❧ ❞✐"❝♦♥#✐♥✉✐#② ❛♥❛❧✲
②"✐"✱ ✇❤❡%❡ ✇❡ ✜♥❞ "✐♠✐❧❛% ♣❛##❡%♥"✳
❚✐♠❡ '!❡♥❞
❙✐♥❝❡ #❤❡ ♠❛✐♥ ♦❜❥❡❝#✐✈❡ ♦❢ ♦✉% "#✉❞② ✐" #♦ ✐♥✈❡"#✐❣❛#❡ #✐♠❡ #%❡♥❞" ♦❢ ♣✉❜❧✐❝❛#✐♦♥ ❜✐❛"✱
✇❡ ♥♦✇ ❡①❛♠✐♥❡ ✇❤❡#❤❡% ♦✉% ❧♦♥❣✐#✉❞✐♥❛❧ %❡"✉❧#" ❢♦% #❤❡ ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡' ❛❧"♦
❤♦❧❞ ✇❤❡♥ ✇❡ #%❛♥"❢❡% #❤❡ ♣%✐♥❝✐♣❧❡ #♦ #❤❡ ❝❛❧✐♣❡% ❛♣♣%♦❛❝❤✳ ❲❡✱ #❤❡%❡❢♦%❡✱ ❡O✉❛❧❧②







✇❤❡%❡ Zy ✐" #❤❡ "❡# ♦❢ #❡"# "#❛#✐"#✐❝" ❡①#%❛❝#❡❞ ✐♥ ②❡❛% y ❛♥❞ OC{...} ✭UC{...}✮ #❤❡♥
%❡❢❡%" #♦ #❤❡ ♥✉♠❜❡% ♦❢ #❡"# "#❛#✐"#✐❝" ✐♥ #❤❡ ♦✈❡% ✭✉♥❞❡%✮ ❝❛❧✐♣❡%✳ ❚❤❡ ✈❛❧✉❡ ratioj
#❤❡♥ ♣%♦✈✐❞❡" #❤❡ %❛#✐♦ ♦❢ #❤❡ ♥✉♠❜❡% ♦❢ #❡"# "#❛#✐"#✐❝" ✐♥ #❤❡ ♦✈❡% ❝❛❧✐♣❡% ✈❡%"✉" #❤❡
♥✉♠❜❡% ♦❢ #❡"# "#❛#✐"#✐❝" ✐♥ #❤❡ ✉♥❞❡% ❝❛❧✐♣❡% ❢♦% #❤❡ ✶✺✲②❡❛% ✐♥#❡%✈❛❧ "#❛%#✐♥❣ ✇✐#❤
②❡❛% j✳
❲❡ %❡♣♦%# #❤❡ %❡"✉❧#" ✐♥ ❋✐❣✉%❡ ✷✳✷✽✳ Q❛♥❡❧ ❆✱ ❇ ❛♥❞ ❈ %❡❢❡% #♦ ✶✵✪✱ ✺✪ ❛♥❞ ✶✪
✾✶
❚❛❜❧❡ ✷✳✼✿ ❈*♦,,✲,❡❝/✐♦♥❛❧ ❝❛❧✐♣❡* ❝♦✉♥/,
✶✵✪✲$✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧
❖❈ ❯❈ ❖❈✴❯❈ p val
✺✪✲❝❛❧✐♣❡- ✷✻✹ ✷✸✸ ✶✳✶✸✸ ✵✳✵✽✾
✶✵✪✲❝❛❧✐♣❡- ✺✹✼ ✹✻✼ ✶✳✶✼✶ ✵✳✵✵✼
✶✺✪✲❝❛❧✐♣❡- ✽✶✷ ✻✼✵ ✶✳✷✶✷ ✵✳✵✵✵
✺✪✲$✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧
❖❈ ❯❈ ❖❈✴❯❈ p val
✺✪✲❝❛❧✐♣❡- ✹✵✶ ✸✹✼ ✶✳✶✺✻ ✵✳✵✷✻
✶✵✪✲❝❛❧✐♣❡- ✼✹✶ ✻✽✸ ✶✳✵✽✺ ✵✳✵✻✺
✶✺✪✲❝❛❧✐♣❡- ✶✵✽✷ ✾✾✽ ✶✳✵✽✹ ✵✳✵✸✹
✶✪✲$✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧
❖❈ ❯❈ ❖❈✴❯❈ p val
✺✪✲❝❛❧✐♣❡- ✸✺✽ ✹✵✻ ✵✳✽✽✷ ✵✳✾✻✷
✶✵✪✲❝❛❧✐♣❡- ✻✼✾ ✽✸✻ ✵✳✽✶✷ ✶✳✵✵✵
✶✺✪✲❝❛❧✐♣❡- ✾✼✹ ✶✷✺✺ ✵✳✼✼✻ ✶✳✵✵✵
◆♦"❡$✳ ❖❈ ✲ ♦✈❡- ❝❛❧✐♣❡-✱ ❯❈ ✲ ✉♥❞❡- ❝❛❧✐♣❡-✳ ❚❤❡ p val ✐@ ❜❛@❡❞ ♦♥ ❛ ♦♥❡✲@✐❞❡❞ ❜✐♥♦♠✐❛❧ C❡@C ✇✐C❤
(n, p = 0.5)✱ ✇❤❡-❡❛@ n ✐@ C❤❡ ♥✉♠❜❡- ♦❢ C❡@C @C❛C✐@C✐❝@ ✐♥ C❤❡ ♦✈❡- ❛♥❞ ✉♥❞❡- ❝❛❧✐♣❡- OC + UC✳
❍❡♥❝❡✱ ✇❡ C❡@C ✇❤❡C❤❡- C❤❡ ♣-♦♣♦-C✐♦♥ ♦❢ C❤❡ ♦✈❡- ❝❛❧✐♣❡- @✐❣♥✐✜❝❛♥C❧② ❡①❝❡❡❞@ ✺✵✪✳
,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ *❡,♣❡❝/✐✈❡❧②✳ ❆❣❛✐♥✱ ✇❡ ✜♥❞ ♣❛//❡*♥, ✈❡*② ,✐♠✐❧❛* /♦ ♦✉* *❡,✉❧/,
❢*♦♠ /❤❡ ♠♦✈✐♥❣ ❞✐'❝♦♥)✐♥✉✐)✐❡' ✭❛*/✐❝❧❡ ❋✐❣✉*❡ ❱■■■✮✳ ❋♦* /❤❡ ✶✵✪ ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧
✇❡ ♦❜,❡*✈❡ ❛ ♣❛//❡*♥ /❤❛/ ,/*✐❦✐♥❣❧② *❡,❡♠❜❧❡, /❤❡ ▼❝❈*❛*② *❡,✉❧/,✳ ❚❤❡ ♦✈❡*✲
*❡♣*❡,❡♥/❛/✐♦♥ ♦❢ /❡,/ ,/❛/✐,/✐❝, ✐♥ /❤❡ ♦✈❡* ❝❛❧✐♣❡* ✐, ❧❛*❣❡ ✐♥ /❤❡ ✜*,/ ❤❛❧❢ ♦❢ /❤❡
♦❜,❡*✈❛/✐♦♥ ♣❡*✐♦❞ ✕❞❡♣❡♥❞✐♥❣ ♦♥ /❤❡ ❝❛❧✐♣❡* ,✐③❡✱ /❤❡ ♦✈❡*✲*❡♣*❡,❡♥/❛/✐♦♥ *❛♥❣❡,
❜❡/✇❡❡♥ ✺✵✪ ❛♥❞ ✸✵✵✪✕ ❛♥❞ ❞*♦♣, ♥♦/❛❜❧② ❛*♦✉♥❞ ✶✾✾✵✳ ▲❛/❡*✱ ✐/ ,❧♦✇❧② ✐♥❝*❡❛,❡,
❛❣❛✐♥ /♦ ❛ ,✐❣♥✐✜❝❛♥/ ♦✈❡*✲*❡♣*❡,❡♥/❛/✐♦♥ ♦❢ ❛*♦✉♥❞ ✷✵✪✳ ❋♦* /❤❡ ✺✪ ,✐❣♥✐✜❝❛♥❝❡
❧❡✈❡❧ /❤❡*❡ ✐, ♥♦ ,✐❣♥✐✜❝❛♥/ ♦✈❡*✲*❡♣*❡,❡♥/❛/✐♦♥ ♦❢ /❤❡ ♦✈❡* ❝❛❧✐♣❡* ✐♥ ❡❛*❧✐❡* ②❡❛*,✳
❍♦✇❡✈❡*✱ ❢♦* *❡❝❡♥/ ②❡❛*, ✇❡ ✜♥❞ ❛ ,✐❣♥✐✜❝❛♥/ ♦✈❡*✲*❡♣*❡,❡♥/❛/✐♦♥ ♦❢ ❛*♦✉♥❞ ✶✺✪✳
■♥ ❝♦♥/*❛,/✱ ✇❡ ❞♦ ♥♦/ ✜♥❞ ❛ ,✐❣♥✐✜❝❛♥/ ♦✈❡*✲*❡♣*❡,❡♥/❛/✐♦♥ ❢♦* ❛♥② ✐♥/❡*✈❛❧ ❛/ /❤❡
✶✪ ,✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳
■/ ✐, ♥♦/ ❡♥/✐*❡❧② ,✉*♣*✐,✐♥❣ /❤❛/ /❤❡ ❝❛❧✐♣❡* *❡,✉❧/, ,✉♣♣♦*/ ♦✉* ❞✐,❝♦♥/✐♥✉✐/② ❛♥❛❧②,❡,
,✐♥❝❡ ❜♦/❤ ♣*♦❝❡❞✉*❡, /❡,/ ❢♦* ♣✉❜❧✐❝❛/✐♦♥ ❜✐❛, ❜② ✐♥✈❡,/✐❣❛/✐♥❣ ✇❤❡/❤❡* ❡♠♣✐*✐❝❛❧
✾✷
 ❡"✉❧%" ❝❧✉"%❡ ❛❜♦✈❡ %❤❡ ❝ ✐%✐❝❛❧ %❤ ❡"❤♦❧❞" ♦❢ "✐❣♥✐✜❝❛♥❝❡✳ ◆❡✈❡ %❤❡❧❡""✱ ✐% ✐"  ❡❛"✲
"✉ ✐♥❣ %❤❛% ✇❡ ❝♦♥✜ ♠ ♦✉ ♠❛✐♥ ✜♥❞✐♥❣" ✇✐%❤ ❛ ♠♦ ❡ ❜❛"✐❝ ♠❡%❤♦❞✳
✾✸
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❋✐❣✉$❡ ✷✳✷✽✿ ❈❛❧✐♣❡$ ❛♥❛❧②0✐0 ✇✐2❤ ✶✺ ②❡❛$ 2✐♠❡ ✇✐♥❞♦✇0
❚❤❡ ❣'❛♣❤* ♣❧♦! ♠♦✈✐♥❣ ❝❛❧✐♣❡+ +❛,✐♦- ❢♦' !❤❡ ✶✵✪✱ ✺✪ ❛♥❞ ✶✪ ♣❡'❝❡♥! *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦' ✶✺
②❡❛' !✐♠❡ ✇✐♥❞♦✇*✳ ❱❛❧✉❡* ❛❜♦✈❡ ✶ ✐♥❞✐❝❛!❡ ❛♥ ♦✈❡'✲'❡♣'❡*❡♥!❛!✐♦♥ ♦❢ '❡*✉❧!* ✐♥ !❤❡ ♦✈❡' ❝❛❧✐♣❡'✳
A❛♥❡❧ ❆ *❤♦✇* !❤❡ '❡*✉❧!* ❢♦' !❤❡ ✶✵✪ *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✱ ♣❛♥❡❧ ❇ !❤❡ '❡*✉❧!* ❢♦' !❤❡ ✺✪ *✐❣♥✐✜❝❛♥❝❡
❧❡✈❡❧ ❛♥❞ ♣❛♥❡❧ ❈ !❤❡ '❡*✉❧!* ❢♦' !❤❡ ✶✪ *✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡ x✲ ❛①✐* ♠❛'❦* !❤❡ ❡♥❞ ♣♦✐♥! ♦❢ !❤❡
'❡*♣❡❝!✐✈❡ ✐♥!❡'✈❛❧*✳ ❋♦' ❡①❛♠♣❧❡✱ !❤❡ ✜'*! ❞♦! '❡♣♦'!* !❤❡ ❝❛❧✐♣❡' '❛!✐♦ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✺✾✕✶✾✻✽✱
!❤❡ *❡❝♦♥❞ ❞♦! '❡♣♦'!* !❤❡ ❝❛❧✐♣❡' '❛!✐♦ ❢♦' !❤❡ ✐♥!❡'✈❛❧ ✶✾✻✵✕✶✾✻✾ ❛♥❞ *♦ ❢♦'!❤✳ ❆❞❥❛❝❡♥! ❞♦!*
'❡❧❛!❡ !♦ ✐♥!❡'✈❛❧* !❤❛! ♦✈❡'❧❛♣ ❜② ✶✹ ②❡❛'* ❡❛❝❤✳ ❚❤❡ ❣'❛② ❜❛♥❞* ❤✐❣❤❧✐❣❤! !❤❡ ❝❛❧✐♣❡' '❛!✐♦* ❢♦'
❞✐*❥♦✐♥! ✐♥!❡'✈❛❧*✳ ❉♦!* ✐♥❞✐❝❛!❡ ✐♥!❡'✈❛❧* ✇❤❡'❡ !❤❡ !❤❡ ♥✉♠❜❡' ♦❢ !❡*! *!❛!✐*!✐❝* ✐♥ !❤❡ ♦✈❡' ❝❛❧✐♣❡'










✶✳ ❚❤✐& ❝❤❛♣*❡, ❤❛& ❜❡❡♥ &✉❜♠✐**❡❞ *♦ 3◆❆❙ ✉♥❞❡, *❤❡ *✐*❧❡ ✏▲❛,❣❡, ,❡&❡❛,❝❤ ❣,♦✉♣& ❣❡♥❡,❛*❡
❧❡&& ♣✉❜❧✐❝❛*✐♦♥ ❜✐❛&✳✑
✷✳ ❆❝❦♥♦✇❧❡❞❣♠❡♥*&✿ ❚❤✐& ✇♦,❦ ✇❛& &✉♣♣♦,*❡❞ ❜② *❤❡ ❙✇✐&& ◆❛*✐♦♥❛❧ ❙❝✐❡♥❝❡ ❋♦✉♥❞❛*✐♦♥✱
●,❛♥* ❙✲✻✹✹✵✽✲✵✶✲✵✶ ❛♥❞ ●,❛♥* ❆✲✻✹✹✵✽✲✶✵✳
✾✺
❆❜"#$❛❝#✳ ❙❝✐❡♥❝❡ ✐% ✐♥❝&❡❛%✐♥❣❧② ❞♦♠✐♥❛.❡❞ ❜② ❧❛&❣❡& &❡%❡❛&❝❤ .❡❛♠%✱ ❛ .&❡♥❞ .❤❛.
✐% ❡✈✐❞❡♥. ❛♥❞ ♣❡&%✐%.❡♥. ❢♦& ♠♦%. ❞✐%❝✐♣❧✐♥❡%✳ ❚❤✐% &❛✐%❡% .❤❡ 7✉❡%.✐♦♥ ♦❢ ❤♦✇ ❧❛&❣❡
.❡❛♠% %❤❛♣❡ ❛♥❞ ❛✛❡❝. %❝✐❡♥❝❡ ✐♥ ❣❡♥❡&❛❧ ❛♥❞ .❤❡ ♣&♦❝❡%% ♦❢ %❝✐❡♥.✐✜❝ ❦♥♦✇❧❡❞❣❡ ♣&♦✲
❞✉❝.✐♦♥ ✐♥ ♣❛&.✐❝✉❧❛&✳ ❲❡ %.✉❞② ✇❤❡.❤❡& ❧❛&❣❡& ❛♥❞ %♠❛❧❧❡& .❡❛♠% ❞✐✛❡& ✐♥ .❤❡ ✇❛②
.❤❡② &❡♣♦&. ❛♥❞ ♣✉❜❧✐%❤ .❤❡✐& &❡%✉❧.%❀ ✐♥ ♣❛&.✐❝✉❧❛&✱ ✇❡ ✐♥✈❡%.✐❣❛.❡ .❤❡ &❡❧❛.✐♦♥%❤✐♣
❜❡.✇❡❡♥ ♣✉❜❧✐❝❛.✐♦♥ ❜✐❛% ❛♥❞ .❡❛♠ %✐③❡✳ ❋❛❧%❡✲♣♦%✐.✐✈❡ ✜♥❞✐♥❣% ❡♥.❡&✐♥❣ .❤❡ ❧✐.❡&✲
❛.✉&❡ ❝❛♥ ❤❛✈❡ %✉❜%.❛♥.✐❛❧ ✉♥✐♥.❡♥❞❡❞ ❛♥❞ ❝♦%.❧② ❝♦♥%❡7✉❡♥❝❡%✳ ❚❤❡② %❧♦✇ ❞♦✇♥
%❝✐❡♥.✐✜❝ ♣&♦❣&❡%%✱ ❡♥❝♦✉&❛❣❡ ❢&✉✐.❧❡%% %.✉❞✐❡%✱ ❛♥❞ %♦♠❡.✐♠❡% &❡7✉✐&❡ .&♦✉❜❧❡%♦♠❡
❝♦&&❡❝.✐♦♥%✳ ❲❡ ❡①.&❛❝. ♦✈❡& ✶✷✵✵✵ ❤②♣♦.❤❡%❡%✲&❡❧❛.❡❞ .❡%. %.❛.✐%.✐❝% ❢&♦♠ ♣❛♣❡&%
♣✉❜❧✐%❤❡❞ ✐♥ ❛ ❧❡❛❞✐♥❣ ✜❡❧❞ ❥♦✉&♥❛❧ ✭◗❏❊✮ ❜❡.✇❡❡♥ ✶✾✾✹ ❛♥❞ ✷✵✶✽✳ ❖✉& &❡%✉❧.% &❡✲
✈❡❛❧ .✇♦ ❞✐✛❡&❡♥. ♣❛..❡&♥% ♦❢ ♣✉❜❧✐❝❛.✐♦♥ ❜✐❛% ❡♠❡&❣✐♥❣ ✐♥ ❧❛&❣❡ .❡❛♠% ❝♦♠♣❛&❡❞
.♦ %♠❛❧❧❡& ♦♥❡%✳ ❋✐&%.✱ ❧❛&❣❡& .❡❛♠% &❡♣♦&. ❛ %♠❛❧❧❡& %❤❛&❡ ♦❢ ❤②♣♦.❤❡%✐%✲❝♦♥✜&♠✐♥❣
&❡%✉❧.% ♣&♦✈✐❞✐♥❣ ❛♥ ♦✈❡&❛❧❧ ♠♦&❡ ♠♦❞❡&❛.❡ ♣✐❝.✉&❡ ♦❢ .❤❡✐& &❡%✉❧.%✳ ❙❡❝♦♥❞✱ ✇❤✐❧❡ ✇❡
♦❜%❡&✈❡ ♥♦ ❞✐%❝♦♥.✐♥✉✐.✐❡% ✐♥ .❤❡ ♣✲✈❛❧✉❡ ❞✐%.&✐❜✉.✐♦♥ ♦❢ ❧❛&❣❡ .❡❛♠%✱ ✇❡ ✜♥❞ %✐❣♥✐❢✲
✐❝❛♥. ❝❧✉%.❡&✐♥❣ ♦❢ ♣✲✈❛❧✉❡% ❥✉%. ❜❡❧♦✇ .❤❡ ✺✪ %✐❣♥✐✜❝❛♥❝❡ .❤&❡%❤♦❧❞ ✕ ❛♥ ✐♥❞✐❝❛.♦&
♦❢ ♣✉❜❧✐❝❛.✐♦♥ ❜✐❛% ✕ ❢♦& %♠❛❧❧❡& .❡❛♠%✳ ❲❡ ❝♦♥❝❧✉❞❡ .❤❛. ❧❛&❣❡ .❡❛♠% ❛&❡ ❧❡%% ♣&♦♥❡
.♦ 7✉❡%.✐♦♥❛❜❧❡ ❞❛.❛ .&❡❛.♠❡♥.% %✉❝❤ ❛% ♣✲❤❛❝❦✐♥❣✳
✾✻
✸✳✶ ■♥%&♦❞✉❝%✐♦♥
❚❤❡ #❝✐❡♥'✐✜❝ ❧❛♥❞#❝❛♣❡ ✐# ✐♥❝-❡❛#✐♥❣❧② ❝❤❛-❛❝'❡-✐③❡❞ ❜② ❧❛-❣❡- -❡#❡❛-❝❤ '❡❛♠#❀ '❤❡
♥✉♠❜❡- ♦❢ #❝✐❡♥'✐✜❝ ❝♦❧❧❛❜♦-❛'✐♦♥# ✐# ❞-❛♠❛'✐❝❛❧❧② ✐♥❝-❡❛#✐♥❣ ❜♦'❤ ✐♥ '❤❡✐- ♥✉♠❜❡-#
❛# ✇❡❧❧ ❛# '❤❡✐- #✐③❡ ✭❲✉❝❤'② ❡' ❛❧✳✱ ✷✵✵✼✮✳ ❚❤❡-❡ ✐# ❛ ❣-♦✇✐♥❣ ❜♦❞② ♦❢ ❧✐'❡-❛'✉-❡ '❤❛'
-❡❝♦❣♥✐#❡# '❤❡ ❝❤❛❧❧❡♥❣❡# ❛♥❞ ♣♦'❡♥'✐❛❧# ♦❢ '❤✐# ❞❡✈❡❧♦♣♠❡♥' ❛♥❞ ✐♥✈❡#'✐❣❛'❡# ❤♦✇
❧❛-❣❡ ❛♥❞ ♦❢'❡♥ ✐♥'❡-❞✐#❝✐♣❧✐♥❛-② -❡#❡❛-❝❤ '❡❛♠# #❤❛♣❡ '❤❡ #❝✐❡♥'✐✜❝ ❧✐'❡-❛'✉-❡ ❛♥❞ '❤❡
❛❝❝✉♠✉❧❛'✐♦♥ ♦❢ ❦♥♦✇❧❡❞❣❡ ✭❲✉❝❤'② ❡' ❛❧✳✱ ✷✵✵✼❀ ❍❛❧❧ ❡' ❛❧✳✱ ✷✵✶✽❀ ❙✉❞ ❛♥❞ ❚❤❡❧✇❛❧❧✱
✷✵✶✻❀ ▲❛-✐✈✐H-❡ ❡' ❛❧✳✱ ✷✵✶✺❀ ❏❡♦♥❣ ❛♥❞ ❈❤♦✐✱ ✷✵✶✹✮✳ ▲❛-❣❡- -❡#❡❛-❝❤ '❡❛♠# ✉#✉❛❧❧②
❜❡♥❡✜' ❢-♦♠ ❛ ❜-♦❛❞ ✈❛-✐❡'② ♦❢ ❡①♣❡-'✐#❡✱ ❞✐✈❡-#✐'② ❛♥❞ -❡#♦✉-❝❡# ✭❍❛❧❧ ❡' ❛❧✳✱ ✷✵✶✽✮
❛♥❞ ✇♦-❦✐♥❣ ✐♥ '❡❛♠# ❝❛♥ ❜❡ ❜❡♥❡✜❝✐❛❧✿ ❧❛-❣❡- '❡❛♠# ♣-♦❞✉❝❡ ❤✐❣❤❡- ✐♠♣❛❝' -❡#❡❛-❝❤
✐♥ '❡-♠# ♦❢ ❝✐'❛'✐♦♥# ✭❲✉❝❤'② ❡' ❛❧✳✱ ✷✵✵✼❀ ❙✉❞ ❛♥❞ ❚❤❡❧✇❛❧❧✱ ✷✵✶✻❀ ▲❛-✐✈✐H-❡ ❡' ❛❧✳✱
✷✵✶✺✮ ❛♥❞ ❛-❡ ♠♦-❡ ♣-♦❞✉❝'✐✈❡ ✐♥ '❡-♠# ♦❢ ♣✉❜❧✐❝❛'✐♦♥ ♦✉'♣✉' ✭▲❛-✐✈✐H-❡ ❡' ❛❧✳✱ ✷✵✶✺❀
❏❡♦♥❣ ❛♥❞ ❈❤♦✐✱ ✷✵✶✹✮✳ ❋♦❧❧♦✇✐♥❣ ♦♥ ❢-♦♠ '❤✐#✱ ♦✉- #'✉❞② ❛❞❞-❡##❡# '❤❡ P✉❡#'✐♦♥
♦❢ ❤♦✇ '❡❛♠# ♦❢ ❞✐✛❡-❡♥' #✐③❡# ❞✐✛❡- ✐♥ '❤❡ -❡♣♦-'✐♥❣ ♦❢ '❤❡✐- -❡#❡❛-❝❤ -❡#✉❧'# ❛♥❞
✇❤❡'❤❡- '❤❡② ❝♦♥'-✐❜✉'❡ ❞✐✛❡-❡♥'❧② '♦ ♣✉❜❧✐❝❛'✐♦♥ ❜✐❛#✳
R✉❜❧✐❝❛'✐♦♥ ❜✐❛# ❞❡#❝-✐❜❡# '❤❡ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ♣-❡❢❡-❡♥'✐❛❧❧② ♣✉❜❧✐#❤✐♥❣ #✐❣♥✐✜❝❛♥'
♦✈❡- ✐♥#✐❣♥✐✜❝❛♥' -❡#✉❧'# ✭❉✐❝❦❡-#✐♥✱ ✷✵✵✺❀ ●❡-❜❡- ❛♥❞ ▼❛❧❤♦'-❛✱ ✷✵✵✽❛✮✳ ■'# ♣-❡#✲
❡♥❝❡ ✐# ✇✐❞❡#♣-❡❛❞ ❛❝-♦## ✈❛-✐♦✉# ❞✐#❝✐♣❧✐♥❡# ✭●❡-❜❡- ❛♥❞ ▼❛❧❤♦'-❛✱ ✷✵✵✽❛✱❜❀ ❈❤♦♥❣
❡' ❛❧✳✱ ✷✵✶✻❀ ▲❡❣❣❡'' ❡' ❛❧✳✱ ✷✵✶✸❀ ▼❛#✐❝❛♠♣♦ ❛♥❞ ▲❛❧❛♥❞❡✱ ✷✵✶✷❀ ❇-♦❞❡✉- ❡' ❛❧✳✱
✷✵✶✻❀ ❉♦✉❝♦✉❧✐❛❣♦#✱ ✷✵✵✺✮✳ ❚❤❡ -❡#✉❧'✐♥❣ ❛❜#❡♥❝❡ ♦❢ ♥✉❧❧ ✜♥❞✐♥❣# ❜✐❛#❡# '❤❡ ❞✐✛❡-✲
❡♥' ✜❡❧❞# ✐♥ ❛♥ ♦✈❡-❧② ♣♦#✐'✐✈❡ ❞✐-❡❝'✐♦♥✱ ✇❤✐❝❤ ❝❛♥ ❤❛✈❡ ❞❡'-✐♠❡♥'❛❧ ❝♦♥#❡P✉❡♥❝❡#✳
❇❡#✐❞❡# #❧♦✇✐♥❣ ❞♦✇♥ '❤❡ #❝✐❡♥'✐✜❝ ♣-♦❣-❡## ❜② ❡♥❝♦✉-❛❣✐♥❣ #✉❝❝❡❡❞✐♥❣ #'✉❞✐❡# '♦
❜✉✐❧❞ ♦♥ ✇-♦♥❣ ♣-❡#✉♠♣'✐♦♥#✱ ❢❛❧#❡✲♣♦#✐'✐✈❡# ❝❛♥ ❜❡ ✈❡-② ♣❡-#✐#'❡♥' ✐♥ ❛❝❛❞❡♠✐❛ ❛#
✇❡❧❧ ❛# ♣✉❜❧✐❝ ♦♣✐♥✐♦♥✳ ❈♦--❡❝'✐♦♥# ❛♥❞ ✈❡-✐✜❝❛'✐♦♥ ♦❢ -❡#✉❧'# ♦❢'❡♥ -❡P✉✐-❡ ❞♦③❡♥# ♦❢
-❡♣❧✐❝❛'✐♦♥#✱ ②❡' ❢❛❧#❡✲♣♦#✐'✐✈❡# ♠❛② -❡♠❛✐♥ ✉♥❝♦--❡❝'❡❞ ✐♥ '❤❡ ❝♦❧❧❡❝'✐✈❡ ♠❡♠♦-② ♦❢
#♦♠❡ #♦❝✐❡'❛❧ ❣-♦✉♣# ❛♥❞ ✉♥❞❡-♠✐♥✐♥❣ '❤❡ '-✉#'✇♦-'❤✐♥❡## ♦❢ #❝✐❡♥'✐✜❝ ❝♦♥❝❧✉#✐♦♥#✳
❚❤❡ ❝♦♥#❡P✉❡♥❝❡# ❛-❡ ❛ ♠❛##✐✈❡ ✇❛#'❡ ♦❢ -❡#♦✉-❝❡#❀ ✐♥ '❤❡ ✇♦-#' ❝❛#❡ ✐' ❝❛♥ ❤❛✈❡
❡♥♦-♠♦✉# ♥❡❣❛'✐✈❡ ❝♦♥#❡P✉❡♥❝❡# ❢♦- #♦❝✐❡'②✱ ❡✳❣✳ ✇❤❡♥ '-❡❛'♠❡♥'# ❛♥❞ ♣♦❧✐❝✐❡# ❛-❡
❞❡✈❡❧♦♣❡❞ ❜❛#❡❞ ♦♥ ✐♥✢❛'❡❞ -❡#✉❧'# ✭❚✉-♥❡- ❡' ❛❧✳✱ ✷✵✵✽❀ ●♦❞❧❡❡ ❡' ❛❧✳✱ ✷✵✶✶✮✳
❚❤❡ '✇♦ ♠♦#' ❝♦♠♠♦♥ '②♣❡# ♦❢ -❡#❡❛-❝❤❡-✲❞-✐✈❡♥ ♣✉❜❧✐❝❛'✐♦♥ ❜✐❛# '❤❛' ❧❡❛❞ '♦ ❛♥
♦✈❡-❧② ♣♦#✐'✐✈❡ ❤②♣♦'❤❡#✐#✲❝♦♥✜-♠✐♥❣ ✐♠♣-❡##✐♦♥ ♦❢ '❤❡ ❛❝❛❞❡♠✐❝ ❧✐'❡-❛'✉-❡ ❛-❡  ❤❡
✜❧❡ ❞&❛✇❡& ♣&♦❜❧❡♠ ✭❘♦#❡♥'❤❛❧✱ ✶✾✼✾✮ ❛♥❞ ♣✲❤❛❝❦✐♥❣ ✭❍❡❛❞ ❡' ❛❧✳✱ ✷✵✶✺✮✳ ❲❤❡-❡❛#
'❤❡ ✜❧❡✲❞-❛✇❡- ❡✛❡❝' ♦❝❝✉-# ✇❤❡♥ -❡#❡❛-❝❤❡-# -❡❢-❛✐♥ ❢-♦♠ ✇-✐'✐♥❣ ✉♣ ♦- #✉❜♠✐''✐♥❣
♥✉❧❧ -❡#✉❧'# ❜❡❝❛✉#❡ '❤❡② ❡①♣❡❝' ❧♦✇❡- ❝❤❛♥❝❡# ♦❢ ♣✉❜❧✐❝❛'✐♦♥✱ ♣✲❤❛❝❦✐♥❣ ✐# ❝❛✉#❡❞ ❜②
-❡#❡❛-❝❤❡-# ♣❡-❢♦-♠✐♥❣ ♠✉❧'✐♣❧❡ #'❛'✐#'✐❝❛❧ ❛♥❛❧②#❡# ❛♥❞ -❡♣♦-'✐♥❣ #❡❧❡❝'✐✈❡❧② '❤♦#❡
'❤❛' ♣-♦❞✉❝❡❞ #✐❣♥✐✜❝❛♥' -❡#✉❧'#✱ ❡✈❡♥'✉❛❧❧② ♣-❡#❡♥'✐♥❣ '❤❡✐- -❡#✉❧'# ✐♥ ❛♥ ♦✈❡-❧②
✾✼
♣♦"✐$✐✈❡ ❢♦(♠✳ ❊✈❡♥ $❤♦✉❣❤ $❤❡"❡ ❜✐❛"❡" ❝❛♥♥♦$ ❜❡ "$✉❞✐❡❞ ❛$ $❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✱
$❤❡② ❧❡❛✈❡ $❤❡✐( ❢♦♦$♣(✐♥$ ✐♥ $❤❡ ❛❣❣(❡❣❛$❡❞ ❞✐"$(✐❜✉$✐♦♥ ♦❢ ♣✉❜❧✐"❤❡❞ (❡"✉❧$"✳ ❲❤✐❧❡
✜❧❡ ❞(❛✇❡( ❡✛❡❝$" ✉"✉❛❧❧② ♣(♦❞✉❝❡ ❛ ❣❡♥❡(❛❧ ♦✈❡(✲(❡♣(❡"❡♥$❛$✐♦♥ ♦❢ "✐❣♥✐✜❝❛♥$ (❡"✉❧$"✱
♣✲❤❛❝❦✐♥❣ (❡"✉❧$" ✐♥ ❛ ♥♦♥✲♥❛$✉(❛❧ ❝❧✉"$❡(✐♥❣ ♦❢ ♣✲✈❛❧✉❡" ❥✉"$ ❜❡❧♦✇ $❤❡ $❤(❡"❤♦❧❞ ♦❢
"✐❣♥✐✜❝❛♥❝❡ ❛♥❞ ❛♥ ❛❜"❡♥❝❡ ♦❢ $❡"$ (❡"✉❧$" ❥✉"$ ❛❜♦✈❡ $❤❛$ $❤(❡"❤♦❧❞ ✭❍❡❛❞ ❡$ ❛❧✳✱
✷✵✶✺❀ ●❡(❜❡( ❛♥❞ ▼❛❧❤♦$(❛✱ ✷✵✵✽❛✱❜❀ ❇(♦❞❡✉( ❡$ ❛❧✳✱ ✷✵✶✻❀ ▼❛"✐❝❛♠♣♦ ❛♥❞ ▲❛❧❛♥❞❡✱
✷✵✶✷❀ ▲❡❣❣❡$$ ❡$ ❛❧✳✱ ✷✵✶✸✮✳
❍❡(❡ ✇❡ ✐♥✈❡"$✐❣❛$❡ ✇❤❡$❤❡( ♣✉❜❧✐❝❛$✐♦♥ ❜✐❛" ❞✐✛❡(" ❜② $❤❡ ♥✉♠❜❡(" ♦❢ ❛✉$❤♦(" ❛
"$✉❞② ❤❛"✳ ❲❡ "$✉❞② ❤②♣♦$❤❡"✐"✲(❡❧❛$❡❞ (❡"✉❧$" ♣✉❜❧✐"❤❡❞ ✐♥ $❤❡ ◗✉❛#$❡#❧② ❏♦✉#♥❛❧ ♦❢
❊❝♦♥♦♠✐❝0 ✭◗❏❊ ✮✱ ✇❤✐❝❤ ✐" ❛ ❧❡❛❞✐♥❣ ❥♦✉(♥❛❧ ✐♥ $❤❡ ❡❝♦♥♦♠✐❝ ❧✐$❡(❛$✉(❡✳ ❋♦❝✉"✐♥❣ ♦♥
❛ ❤✐❣❤✲✐♠♣❛❝$ ❥♦✉(♥❛❧ ❛❧❧♦✇" ✉" $♦ "$✉❞② ♣✉❜❧✐❝❛$✐♦♥" $❤❛$ ❛(❡ ♣❛($✐❝✉❧❛(❧② ✐♥✢✉❡♥$✐❛❧
❛♥❞ "❡(✈❡ ❛" ❛ (♦❧❡ ♠♦❞❡❧ ❢♦( ♠❛♥② (❡"❡❛(❝❤❡(" (❡❣❛(❞✐♥❣ ❤♦✇ ❛♥❞ ✇❤❛$ $♦ ♣✉❜❧✐"❤✳ ■♥
♣❛($✐❝✉❧❛(✱ ♦✉( ✐♥✈❡"$✐❣❛$✐♦♥ ✐" ❜❛"❡❞ ♦♥ (❡♣♦($" ♦❢ "$❛$✐"$✐❝❛❧ $❡"$" ♣✉❜❧✐"❤❡❞ ❜❡$✇❡❡♥
✶✾✾✹ ❛♥❞ ✷✵✶✽✱ ✇❤✐❝❤ ❛(❡ ❧✐♥❦❡❞ $♦ $❤❡ ❛✉$❤♦("✬ ❤②♣♦$❤❡"❡"✳ ❋✐("$✱ ✇❡ ✐❞❡♥$✐✜❡❞ ❛❧❧
❛($✐❝❧❡" $❤❛$ (❡♣♦($❡❞ ❛♥ ❡♠♣✐(✐❝❛❧ "$✉❞② ✇❤❡(❡ ♦♥❡ ♦( ♠♦(❡ ❤②♣♦$❤❡"❡" ✇❡(❡ $❡"$❡❞
✇✐$❤ ✐♥❢❡(❡♥$✐❛❧ "$❛$✐"$✐❝"✳ ■♥ ❛ "❡❝♦♥❞ "$❡♣✱ ✇❡ ❡①$(❛❝$❡❞ "$❛$✐"$✐❝❛❧ $❡"$ (❡"✉❧$"
❢(♦♠ ❛❧❧ ❡❧✐❣✐❜❧❡ ❛($✐❝❧❡" ❜② ❤❛♥❞✳ ❲❡ ♠❛❞❡ "✉(❡ $♦ ❡①$(❛❝$ ♦♥❧② ❝♦❡✣❝✐❡♥$" $❤❛$
✇❡(❡ ❝❧❡❛(❧② ❧✐♥❦❡❞ $♦ $❤❡ ❛✉$❤♦("✬ ❤②♣♦$❤❡"❡" ❛♥❞ ✐❣♥♦(❡❞ ❛♥② ❝♦❡✣❝✐❡♥$ ❢(♦♠ "✐❞❡
❛♥❛❧②"❡" ♥♦$ (❡❧❡✈❛♥$ ❢♦( $❤❡ ♠❛✐♥ ❝♦♥❝❧✉"✐♦♥✳ ❲❡ ❞❡❝✐❞❡❞ ❛❣❛✐♥"$ ❛♥ ❛✉$♦♠❛$❡❞
❝(❛✇❧✐♥❣ ♣(♦❝❡"" ❢♦( ❡①$(❛❝$✐♥❣ $❡"$ "$❛$✐"$✐❝" "✐♥❝❡ $❤❡"❡ (❡U✉✐(❡ "♣❡❝✐❛❧ ❞❛$❛ ❢♦(♠❛$"✱
❝❛♥ ♥♦$ ❡①$(❛❝$ (❡"✉❧$" ❢(♦♠ $❛❜❧❡" ❛♥❞✱ ♠♦"$ ✐♠♣♦($❛♥$❧②✱ ❛(❡ ✉♥❛❜❧❡ $♦ ❞✐"$✐♥❣✉✐"❤
❜❡$✇❡❡♥ (❡❧❡✈❛♥$ ✭❡✳❣✳ (❡❧❛$❡❞ $♦ ❛ ❤②♣♦$❤❡"✐"✮ ❛♥❞ ✐((❡❧❡✈❛♥$ ✭❡✳❣✳ ♥♦$ (❡❧❛$❡❞ $♦ ❛
❤②♣♦$❤❡"✐"✮ $❡"$ "$❛$✐"$✐❝"✳ ❖✈❡(❛❧❧✱ ✇❡ ❝♦❧❧❡❝$❡❞ ✶✶✾✷✻ $❡"$ "$❛$✐"$✐❝" ✭z ♦( t✮ ❢(♦♠
✹✻✷ ♣❛♣❡(" ♣✉❜❧✐"❤❡❞ ❜❡$✇❡❡♥ ✶✾✾✹ ❛♥❞ ✷✵✶✽✳
✸✳✷ ❘❡%✉❧(%
▼♦"❡ ❛✉&❤♦"(✱ ❧❡(( (&❛&✐(&✐❝❛❧ (✐❣♥✐✜❝❛♥❝❡
❲❡ ❜❡❣✐♥ ❜② ❡✈❛❧✉❛$✐♥❣ ✇❤❡$❤❡( "♠❛❧❧❡( ❣(♦✉♣" ♣✉❜❧✐"❤ ♠♦(❡ ❤②♣♦$❤❡"❡"✲❝♦♥✜(♠✐♥❣
(❡"❡❛(❝❤ ❝♦♠♣❛(❡❞ $♦ ❧❛(❣❡( ❣(♦✉♣" ♦( $❤❡ ♦$❤❡( ✇❛② ❛(♦✉♥❞✳ ❚♦ ❞♦ "♦✱ ✇❡ ❝❛❧❝✉❧❛$❡❞
$❤❡ "❤❛(❡ ♦❢ ✐♥"✐❣♥✐✜❝❛♥$ (❡"✉❧$" ✭❛$ $❤❡ ✺✪ ❧❡✈❡❧✮ ❢♦( ❡❛❝❤ ♣❛♣❡( ❛♥❞ ❣(♦✉♣❡❞ $❤❡♠
❜② $❤❡ ♥✉♠❜❡( ♦❢ ❛✉$❤♦(" ✭❋✐❣✉(❡ ✸✳✶✮✳ ❲❡ ✜♥❞ $❤❛$ $❤❡ "❤❛(❡ ♦❢ ✐♥"✐❣♥✐✜❝❛♥$ (❡"✉❧$"
✐♥❝(❡❛"❡" ✇✐$❤ ❛♥ ✐♥❝(❡❛"✐♥❣ ♥✉♠❜❡( ♦❢ ❛✉$❤♦("✿ ❖♥ ❛✈❡(❛❣❡✱ ✇✐$❤ ❡❛❝❤ ❛❞❞✐$✐♦♥❛❧
❛✉$❤♦( $❤❡ "❤❛(❡ ♦❢ ✐♥"✐❣♥✐✜❝❛♥$ (❡"✉❧$" ✐♥❝(❡❛"❡" ❜② $❤(❡❡ ♣❡(❝❡♥$❛❣❡ ♣♦✐♥$" ✭❚♦❜✐$✱
❝♦❡✛❂✵✳✵✸✱ P❂✵✳✵✶✼✮✳ ❚❤❡ (❡"✉❧$" ❛(❡ U✉❛❧✐$❛$✐✈❡❧② "✐♠✐❧❛( ✐❢ ✇❡ ❝♦♥"✐❞❡( $❤❡ "❤❛(❡
♦❢ (❡"✉❧$" $❤❛$ ❛(❡ ✐♥"✐❣♥✐✜❝❛♥$ ❡✐$❤❡( ❛$ $❤❡ ✶✵✪ ♦( ✶✪ ❧❡✈❡❧ ✭"❡❡ ❚❛❜❧❡ ✸✳✶ ❛♥❞
✾✽




































































Share of insignificant results
Average p−value
❋✐❣✉$❡ ✸✳✶✿ ❚❡❛♠ -✐③❡ ❛♥❞ -✐❣♥✐✜❝❛♥❝❡
❙♠❛❧❧❡% &❡❛♠' %❡♣♦%& ♠♦%❡ ❤②♣♦&❤❡'❡'✲❝♦♥✜%♠✐♥❣ %❡'❡❛%❝❤✳ ❲✐&❤ ✐♥❝%❡❛'✐♥❣ ♥✉♠❜❡% ♦❢ ❛✉&❤♦%'✱
&❤❡ ♣%♦♣♦%&✐♦♥ ♦❢ ♥✉❧❧ %❡'✉❧&' ✐♥❝%❡❛'❡' ✭%❡❞✮ ❛♥❞ ❛✈❡%❛❣❡ ♣✲✈❛❧✉❡' ❜❡❝♦♠❡ ❧❛%❣❡% ✭❜❧✉❡✮✳
✸✳✷ ✐♥ 4❤❡ ❛♣♣❡♥❞✐①✮✳ ❲❡ ❛❧-♦ ✜♥❞ 4❤❛4 4❤❡ ❛✈❡$❛❣❡ ♣✲✈❛❧✉❡ ♣❡$ ♣❛♣❡$ ✐♥❝$❡❛-❡-
❜② ✵✳✵✶✺ ♣❡$❝❡♥4❛❣❡ ♣♦✐♥4- ♣❡$ ❛✉4❤♦$ ✭❚♦❜✐4✱ ❝♦❡✛❂✵✳✵✶✺✱ P❁✵✳✵✶✮✳ ❚❤✉-✱ ❧❛$❣❡$
4❡❛♠- $❡♣♦$4 ❧❡-- ❤②♣♦4❤❡-❡-✲❝♦♥✜$♠✐♥❣ $❡-✉❧4- 4❤❛♥ -♠❛❧❧❡$ 4❡❛♠-✳
❖♥❡ ♣♦--✐❜❧❡ ❡①♣❧❛♥❛4✐♦♥ ❢♦$ 4❤❡ ❤✐❣❤ -❤❛$❡ ♦❢ ❤②♣♦4❤❡-✐- ❝♦♥✜$♠✐♥❣ $❡-✉❧4- ❛♠♦♥❣
-♠❛❧❧❡$ 4❡❛♠- ❝♦✉❧❞ ❜❡ 4❤❛4 4❤❡② ♣$♦❞✉❝❡ ♠♦$❡ -✉❜-4❛♥4✐✈❡ ❛♥❞ 4❤❡♦$②✲❣✉✐❞❡❞ $❡✲
-❡❛$❝❤✱ ✇❤✐❝❤ ❡✈❡♥4✉❛❧❧② ❧❡❛❞- 4♦ -4$♦♥❣❡$ $❡-✉❧4-✳ ❍♦✇❡✈❡$✱ ✐❢ -♠❛❧❧❡$ 4❡❛♠- ✇❡$❡
❞♦✐♥❣ ♣❡$ -❡ ✏❜❡44❡$✑ $❡-❡❛$❝❤✱ ✇❡ -❤♦✉❧❞ ♥♦4 ♦❜-❡$✈❡ ❞✐✛❡$❡♥❝❡- ✐♥ 4❤❡ ♣✲✈❛❧✉❡ ❞✐-✲
4$✐❜✉4✐♦♥ ❛$♦✉♥❞ 4❤❡ ❝♦♠♠♦♥ ❧❡✈❡❧- ♦❢ -✐❣♥✐✜❝❛♥❝❡ ✭✶✱ ✺ ❛♥❞ ✶✵ ✪✮✳ ❉✐-❝♦♥4✐♥✉✐4✐❡-
❛♣♣❡❛$✐♥❣ ✐♥ 4❤❡-❡ ❛$❡❛-✱ ✇✐4❤ ❝❧✉-4❡$✐♥❣ ♦❢ ♣✲✈❛❧✉❡- ❥✉-4 ❜❡❧♦✇ 4❤❡-❡ ❧❡✈❡❧- ❛♥❞
❛ ❧❛❝❦ ♦❢ $❡-✉❧4- ❥✉-4 ❛❜♦✈❡✱ ❛$❡ ♦❢4❡♥ ❝♦♥-✐❞❡$❡❞ ❛ ❢♦♦4♣$✐♥4 ♦❢ Q✉❡-4✐♦♥❛❜❧❡ ❞❛4❛
4$❡❛4♠❡♥4- -✉❝❤ ❛- ♣✲❤❛❝❦✐♥❣✳
▼♦"❡ ❛✉&❤♦"(✱ ❧❡(( ♣✲❤❛❝❦✐♥❣
❲❡✱ 4❤❡$❡❢♦$❡✱ 4❡-4 ✇❤❡4❤❡$ ♣✉❜❧✐❝❛4✐♦♥ ❜✐❛- ✐- $❡❧❛4❡❞ 4♦ ❛✉4❤♦$ ❣$♦✉♣ -✐③❡-✳ ▼♦$❡
-♣❡❝✐✜❝❛❧❧②✱ ✇❡ ✐♥✈❡-4✐❣❛4❡ ✇❤❡4❤❡$ 4❤❡$❡ ✐- ♠♦$❡ ❝❧✉-4❡$✐♥❣ ♦❢ ✈❛❧✉❡- ❥✉-4 ❜❡❧♦✇
4❤❡ ✺✪ -✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧ ❢♦$ -♠❛❧❧❡$ ❛✉4❤♦$ ❣$♦✉♣-✳ ❚♦ ❞♦ -♦✱ ✇❡ -♣❧✐4 ♦✉$ -❛♠♣❧❡
✐♥4♦ 4✇♦ ❣$♦✉♣-✳ ❚❤❡ ✜$-4 ❣$♦✉♣ ❝♦♥-✐-4- ♦❢ ♣❛♣❡$- ✇$✐44❡♥ ❜② ♦♥❡ ♦$ 4✇♦ ❛✉4❤♦$-
✭npaper = 177✱ ncoeff = 6309✮✱ 4❤❡ -❡❝♦♥❞ ❝♦♥-✐-4- ♦❢ ♣❛♣❡$- ✇$✐44❡♥ ❜② 4❤$❡❡ ♦$
✾✾


























More than 3 authors
p=0.05
❋✐❣✉$❡ ✸✳✷✿ ❍✉♠♣ -❤❛♣❡ ✐♥ 1❤❡ ♣✲✈❛❧✉❡ ❞✐-1$✐❜✉1✐♦♥
❲❤✐❧❡ ✇❡ ♦❜(❡)✈❡ +❤❡ ❝❧✉(+❡)✐♥❣ ♦❢ ♣✲✈❛❧✉❡( ❢♦) ♣❛♣❡)( ❜② ♦♥❡ ♦) +✇♦ ❛✉+❤♦)( ✭❜❧✉❡✮✱ +❤❡)❡ ✐( ♥♦
(✉❝❤ ❝❧✉(+❡)✐♥❣ ♦❢ )❡(✉❧+( ❜② ❧❛)❣❡) +❡❛♠( ✭)❡❞✮✳ ❚❤❡ ❣)❛♣❤ (❤♦✇( ❧♦❝❛❧ ❧✐♥❡❛) )❡❣)❡((✐♦♥( ❢♦) +❤❡
❞✐(+)✐❜✉+✐♦♥ ♦❢ ♣✲✈❛❧✉❡( ❜❡+✇❡❡♥ ✵✳✵✶ ❛♥❞ ✵✳✶ ❢♦) ♦✉) +✇♦ ❣)♦✉♣( ♦❢ ❞✐✛❡)❡♥+ +❡❛♠ (✐③❡(✳ @✲✈❛❧✉❡(
❢)♦♠ (✐♥❣❧❡ ♦) ❞♦✉❜❧❡ ❛✉+❤♦)❡❞ ♣❛♣❡)( ❝❧✉(+❡) (❤♦)+❧② ❜❡❧♦✇ +❤❡ ✺✪✲❧❡✈❡❧ ♦❢ (✐❣♥✐✜❝❛♥❝❡✳ ❚❤❡②
❝♦♥✈❡② ❛ ❤✉♠♣✲(❤❛♣❡ ♣❛++❡)♥✱ ✇❤✐❝❤ ✐( ♦❢+❡♥ ❧✐♥❦❡❞ +♦ ♣✲❤❛❝❦✐♥❣ ✭❍❡❛❞ ❡+ ❛❧✳✱ ✷✵✶✺✮✳ ❲❤✐❧❡ +❤❡
✜❧❡✲❞)❛✇❡) ❡✛❡❝+ ❝♦✉❧❞ ❡①♣❧❛✐♥ ❛ ♣❛)❛❧❧❡❧ ✐♥❝)❡❛(❡ ♦) ❛ (+❡♣ ✐♥ +❤❡ ❞✐(+)✐❜✉+✐♦♥(✱ ✐+ ✐( ✉♥❛❜❧❡ +♦
❡①♣❧❛✐♥ +❤❡ ❞❡❝❧✐♥❡ ♦❢ ♣✲✈❛❧✉❡( +❤❡)❡❛❢+❡) ✭❙✐♠♦♥(♦❤♥ ❡+ ❛❧✳✱ ✷✵✶✹✮✳
♠♦$❡ ❛✉1❤♦$- ✭npaper = 286✱ ncoeff = 5673✮✳
✸
❲❡ ❢♦❝✉- ♦♥ 1❤❡ ❞✐-1$✐❜✉1✐♦♥ ♦❢ ♣✲
✈❛❧✉❡- ✇❤❡$❡ 1❤❡ ❛$❡❛ ❛$♦✉♥❞ ♣❂✵✳✵✺ ✕ 1❤❡ ♠♦-1 ❝♦♠♠♦♥❧② ✉-❡❞ 1❤$❡-❤♦❧❞ 1♦ ♠❛❦❡
❥✉❞❣♠❡♥1- ❛❜♦✉1 -1❛1✐-1✐❝❛❧ -✐❣♥✐✜❝❛♥❝❡ ✕ ✐- ♦❢ ♣❛$1✐❝✉❧❛$ ✐♥1❡$❡-1✳ ❲❤✐❧❡ 1❤✐- ✐-
✐♥✲♣$✐♥❝✐♣❧❡ ❛♥ ❛$❜✐1$❛$② ♣♦✐♥1 ✐♥ 1❤❡ ❡♠♣✐$✐❝❛❧ ✭❛♥❞ ✉♥❦♥♦✇♥✮ ❞✐-1$✐❜✉1✐♦♥ ♦❢ 1❤❡
♣✲✈❛❧✉❡-✱ ❛♥♦♠❛❧✐❡- ✐♥ 1❤✐- ❛$❡❛ ❛$❡ ✐♠♣♦$1❛♥1 ✐♥❞✐❝❛1♦$- ❢♦$ ♣✉❜❧✐❝❛1✐♦♥ ❜✐❛- ♦$
G✉❡-1✐♦♥❛❜❧❡ ❞❛1❛ 1$❡❛1♠❡♥1-❀ -♣❡❝✐✜❝❛❧❧② ❢♦$ ♣✲❤❛❝❦✐♥❣ ✭▼❛-✐❝❛♠♣♦ ❛♥❞ ▲❛❧❛♥❞❡✱
✷✵✶✷✮✳ ❈♦♥-❡G✉❡♥1❧②✱ ❝❧✉-1❡$✐♥❣ ♦❢ ✈❛❧✉❡- ❥✉-1 ❜❡❧♦✇ ♣❂✵✳✵✺✱ -✉❝❤ ❛- ❛ -✉❞❞❡♥ ❥✉♠♣
❞✐$❡❝1❧② ❛1 ♣❂✵✳✵✺ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞$♦♣ ❛❢1❡$✇❛$❞- ❛$❡ ✐♥❞✐❝❛1✐♦♥- ♦❢ ❜✐❛- ✭❙✐♠♦♥-♦❤♥
❡1 ❛❧✳✱ ✷✵✶✹❀ ❍❡❛❞ ❡1 ❛❧✳✱ ✷✵✶✺❀ ❍❛$1❣❡$✐♥❦✱ ✷✵✶✼✮✳
▲♦♦❦✐♥❣ ❛1 1❤❡ ❞✐-1$✐❜✉1✐♦♥ ♦❢ ♣✲✈❛❧✉❡- ✐♥ 1❤❡ $❛♥❣❡ ❜❡1✇❡❡♥ ✵✳✵✶ ❛♥❞ ✵✳✶✵ ❢♦$ ♦✉$
✸✳ ❙♣❧✐++✐♥❣ ✐( ♥❡❝❡((❛)② (✐♥❝❡ ✇❡ ❝♦♠♣❛)❡ ❞✐(+)✐❜✉+✐♦♥( ✇❤✐❝❤ )❡K✉✐)❡( ❛ (✉✣❝✐❡♥+ ♥✉♠❜❡) ♦❢
❝♦❡✣❝✐❡♥+( ♣❡) ❝♦♠♣❛)✐(♦♥ ❣)♦✉♣✳ ■♥ ♦)❞❡) +♦ ❞❡✜♥❡ ❛ )❡❛(♦♥❛❜❧❡ (♣❧✐+✱ ✇❡ ❤❛✈❡ ❜❡❡♥ ❣✉✐❞❡❞ ❜②
+❤❡♦)❡+✐❝❛❧ ❛)❣✉♠❡♥+(✿ ❢)♦♠ ❛ (♦❝✐♦❧♦❣✐❝❛❧ ♣♦✐♥+ ♦❢ ✈✐❡✇✱ ❞②❛❞( ❛♥❞ +)✐❛❞( ❛)❡ ❛((♦❝✐❛+❡❞ ✇✐+❤
❞✐✛❡)❡♥+ (+)✉❝+✉)❛❧ ♣)♦❝❡((❡( ✭❙✐♠♠❡❧✱ ✶✾✵✷✮✳ ❉②❛❞( ❛((✉♠❡ ❛ (+)♦♥❣❡) ✐♥❞✐✈✐❞✉❛❧✐③❛+✐♦♥ ♦❢ +❤❡
✐♥❞✐✈✐❞✉❛❧✱ ✇❤✐❧❡ +)✐❛❞( ❛)❡ (+)✉❝+✉)❛❧❧② (✐♠✐❧❛) +♦ ❣)♦✉♣( ♦❢ ❤✐❣❤❡) ♦)❞❡)✳ ❲❡ ❛♣♣❧② +❤❡ (♣❧✐+ +♦ +❤❡
❛♥❛❧②(❡( ❢)♦♠ +❤❡ ♣)❡✈✐♦✉( (❡❝+✐♦♥ ❛♥❞ +❤❡ )❡(✉❧+( ❛)❡ )❡❛((✉)✐♥❣✳ ❲❡ ✜♥❞ ✈✐)+✉❛❧❧② ♥♦ ❞✐✛❡)❡♥❝❡
❜❡+✇❡❡♥ ♣❛♣❡)( ✇)✐++❡♥ ❜② ♦♥❡ ♦) +✇♦ ❛✉+❤♦)( ✭❛✈✳ ♣✲✈❛❧✉❡✿ P❂✵✳✽✶✾❀ (❤❛)❡ ♦❢ ✐♥(✐❣✳ )❡(✉❧+(✿
P❂✵✳✸✾✽✮✱ ❜✉+✱ ✐♥ ❝♦♥+)❛(+ (✐❣♥✐✜❝❛♥+ ❞✐✛❡)❡♥❝❡ ❜❡+✇❡❡♥ ♣❛♣❡)( ✇)✐++❡♥ ❜② ♦♥❡ ♦) +✇♦ ❛✉+❤♦)( ❛♥❞
♣❛♣❡)( ✇)✐++❡♥ ❜② +❤)❡❡ ♦) ♠♦)❡ ❛✉+❤♦)( ✭❛✈✳ ♣✲✈❛❧✉❡✿ P❂✵✳✵✵✺❀ (❤❛)❡ ♦❢ ✐♥(✐❣✳ )❡(✉❧+(✿ P❂✵✳✵✶✺✮✳
✶✵✵


































































































































































































































































❋✐❣✉$❡ ✸✳✸✿ ❉✐*❝♦♥.✐♥✉✐.② ❡*.✐♠❛.✐♦♥ ❛♥❞ .❡❛♠ *✐③❡
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$②✲*❡'* ❢♦$
'♠❛❧❧❡$ ❛♥❞ ❧❛$❣❡$ *❡❛♠' ❛' ✇❡❧❧ ❛' *❤❡ ❞✐✛❡$❡♥❝❡ ❜❡*✇❡❡♥ *❤❡ *✇♦ ❣$♦✉♣'✳ ❲❡ ♣❧♦* *❤❡ ♣✲✈❛❧✉❡
❞✐'*$✐❜✉*✐♦♥ ✭❞♦*'✮ ❛♥❞ ❛ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*② ❡'*✐♠❛*✐♦♥ ✭'♦❧✐❞ ❧✐♥❡✮ ✇✐*❤ *❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✲
✜❞❡♥❝❡ ❜❛♥❞✳ ✭❆✮ ❙♠❛❧❧ *❡❛♠' '❤♦✇ ❛ '✐❣♥✐✜❝❛♥* ❞✐'❝♦♥*✐♥✉✐*② ❥✉'* ❜❡❧♦✇ ✵✳✵✺ ✐♥ *❤❡ ♣✲✈❛❧✉❡
❞✐'*$✐❜✉*✐♦♥✳ ✭❇✮ ◆♦ '✉❝❤ ❞✐'❝♦♥*✐♥✉✐*✐❡' ❛$❡ ❢♦✉♥❞ ❢♦$ ❧❛$❣❡$ *❡❛♠'✳ ✭❈✮ ❚❤❡ ❝♦♥*$❛'*' ❜❡*✇❡❡♥




✇❡ *❡❡ .❤❛. *♠❛❧❧ .❡❛♠* *❤♦✇ ❛ *✉❜*.❛♥.✐❛❧ ❤✉♠♣✲*❤❛♣❡❞
❝❧✉*.❡$ ♦❢ ♣✲✈❛❧✉❡* ❥✉*. ❜❡❧♦✇ ♣❂✵✳✵✺ ✭❋✐❣✉$❡ ✸✳✷✮✳ ❆. .❤❡ *❛♠❡ .✐♠❡✱ .❤❡$❡ ✐*
✈✐$.✉❛❧❧② ♥♦ ❝❧✉*.❡$✐♥❣ ♦❢ ♣✲✈❛❧✉❡* ✐♥ .❤❡ ♣✲✈❛❧✉❡ ❞✐*.$✐❜✉.✐♦♥ ❢♦$ ❧❛$❣❡$ .❡❛♠*✳ ❚♦
*.❛.✐*.✐❝❛❧❧② ❝♦♥✜$♠ .❤✐* ♦❜*❡$✈❛.✐♦♥✱ ✇❡ ❛♣♣❧② .❤❡ ▼❝❈$❛$②✲.❡*. ✭▼❝❈$❛$②✱ ✷✵✵✽✮✱
✇❤✐❝❤ ❤❛* ♦$✐❣✐♥❛❧❧② ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❢♦$ $❡❣$❡**✐♦♥ ❞✐*❝♦♥.✐♥✉✐.② ❛♥❛❧②*❡* .♦ .❡*. ❢♦$
✉♥♥❛.✉$❛❧ ❞✐*❝♦♥.✐♥✉✐.✐❡* ✐♥ ❞✐*.$✐❜✉.✐♦♥*✳ ■♥ ❜$✐❡❢✱ .❤❡ .❡*. ②✐❡❧❞* ❛♥ ❡*.✐♠❛.❡ θ̂ ❢♦$
.❤❡ ❞✐*❝♦♥.✐♥✉✐.② ❛. ❛ ♣❛$.✐❝✉❧❛$ ❝✉.♣♦✐♥. ❜② ❝♦♠♣❛$✐♥❣ .❤❡ ❞❡♥*✐.② ❥✉*. .♦ .❤❡ ❧❡❢.
❛♥❞ ❥✉*. .♦ .❤❡ $✐❣❤. ♦❢ .❤✐* ❝✉.♣♦✐♥.✳ ■♥ ♦✉$ ❝❛*❡✱ .❤❡ ❝✉.♣♦✐♥. ✐* ♣❂✵✳✵✺✳ ❲❤✐❧❡ .❤❡$❡
✐* ♥♦ ♥♦.❛❜❧❡ ❞✐*❝♦♥.✐♥✉✐.② ❛. ✵✳✵✺ ❢♦$ .❡❛♠* ✇✐.❤ .❤$❡❡ ♦$ ♠♦$❡ ❛✉.❤♦$* ✭ θ̂large❂✵✳✵✺✱
P❂✵✳✽✷✮✱ ✇❡ ✜♥❞ ❛ *✐❣♥✐✜❝❛♥. ❞✐*❝♦♥.✐♥✉✐.② ❛. ✵✳✵✺ ❢♦$ ♦♥❡ ♦$ .✇♦ ❛✉.❤♦$* ✭ θ̂small❂✲
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✜♥❞✐♥❣ $❤❡♥ ❜❡❛( ❧♦✇❡( ❝♦ $ ❛♥❞ $❤❡  ✉❜♠✐  ✐♦♥ ✐ ♠♦(❡ ❧✐❦❡❧②✱ ❡✈❡♥$✉❛❧❧② (❡❞✉❝✲
✐♥❣ ♣✉❜❧✐❝❛$✐♦♥ ❜✐❛ ✳ ❚❤✐#❞✱ $❤❡ (❡ ✉❧$ ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ✐♥❝(❡❛ ❡❞  ♦❝✐❛❧ ❝♦♥$(♦❧
✐♥ ❧❛(❣❡ (❡ ❡❛(❝❤ $❡❛♠ ✳ ❚❤❡  ✉❝❝❡  ♦❢ ❛ (❡ ❡❛(❝❤ ♣(♦❥❡❝$ ✐ ❛ ❝♦❧❧❡❝$✐✈❡ ❣♦♦❞ $♦
✇❤✐❝❤ ❛❧❧ $❡❛♠ ♠❡♠❜❡( ❝♦♥$(✐❜✉$❡ ✭❖❧ ♦♥✱ ✶✾✻✺✮✳ ❚❤❡ ❧❛(❣❡( $❤❡ $❡❛♠ $❤❡ ❤✐❣❤❡(
✐ $❤❡ ♣(♦❜❛❜✐❧✐$② $❤❛$ $❤❡(❡ ❛(❡ $❡❛♠ ♠❡♠❜❡( ✇✐$❤ ✐♥$❡(♥❛❧✐③❡❞ ♥♦(♠ ♦❢ ❣♦♦❞
 ❝✐❡♥$✐✜❝ ♣(❛❝$✐❝❡ $❤❛$ ♠❛② ❝♦♥$(♦❧ ❛♥❞  ❛♥❝$✐♦♥ ♦$❤❡( $❡❛♠ ♠❡♠❜❡( ✭❆✉ ♣✉(❣ ❛♥❞
❍✐♥③✱ ✷✵✶✶✮✳ ❚❤✐  ♦❝✐❛❧ ❝♦♥$(♦❧ ❡♥ ✉(❡ $❤❡ ❝♦♠♣❧✐❛♥❝❡ ✇✐$❤  ❝✐❡♥$✐✜❝  $❛♥❞❛(❞ 
❛♥❞ ♠❛② $❤❡(❡❢♦(❡ (❡❞✉❝❡ J✉❡ $✐♦♥❛❜❧❡ ❞❛$❛ $(❡❛$♠❡♥$ ❡✈❡♥$✉❛❧❧② ♠✐$✐❣❛$✐♥❣ ♣✉❜✲
❧✐❝❛$✐♦♥ ❜✐❛ ✳ ❚❤✐ ❡①♣❧❛♥❛$✐♦♥ ✐ ✐♥ ❧✐♥❡ ✇✐$❤ ❡♠♣✐(✐❝❛❧ (❡ ✉❧$ ♦♥ $❤❡ ✈♦❧✉♥$❡❡( ✬
❞✐❧❡♠♠❛ ✭●♦❡(❡❡ ❡$ ❛❧✳✱ ✷✵✶✼✮✳ ❊✈❡♥ $❤♦✉❣❤ $❤❡ ♣(♦❜❛❜✐❧✐$② $❤❛$ ❛  ✐♥❣❧❡ $❡❛♠ ♠❡♠✲
❜❡( ✇✐❧❧ ❝♦♥$(✐❜✉$❡ $♦ $❤❡ ❝♦❧❧❡❝$✐✈❡ ❣♦♦❞ ✐ ❞❡❝❧✐♥✐♥❣ ✇✐$❤ ✐♥❝(❡❛ ✐♥❣ $❡❛♠  ✐③❡ ✐♥
 ✉❝❤ ❞✐❧❡♠♠❛  ✐$✉❛$✐♦♥ ✱ $❤❡ ♣(♦❜❛❜✐❧✐$② $❤❛$ ❛& ❧❡❛)& ♦♥❡ $❡❛♠ ♠❡♠❜❡( ❝♦♥$(✐❜✉$❡ 
✭❡✳❣✳✱ ❜② ❝❤❡❝❦✐♥❣ ❛❧❧ ❛♥❛❧② ❡ ✮ $②♣✐❝❛❧❧② ✐♥❝(❡❛ ❡ ✳ ❚(❛♥ ❢❡((✐♥❣ $❤✐ $♦ ♦✉( ❝❛ ❡✱
$❤❡ ♣(♦❜❛❜✐❧✐$② $❤❛$ (❡ ❡❛(❝❤ ✐♥$❡❣(✐$② ✇✐❧❧ ❜❡ ♣(❡ ❡(✈❡❞ ✐ ❤✐❣❤❡( ❢♦( ❧❛(❣❡( (❡ ❡❛(❝❤
❣(♦✉♣ ✳ ❙♦♠❡ ✐♥❞✐❝❛$✐✈❡ ❡✈✐❞❡♥❝❡  ✉❣❣❡ $ $❤❛$ ❧❛(❣❡( (❡ ❡❛(❝❤ $❡❛♠ ❛(❡ ✐♥❞❡❡❞ ❧❡  
♣(♦♥❡ $♦ J✉❡ $✐♦♥❛❜❧❡ (❡ ❡❛(❝❤ ♣(❛❝$✐❝❡ ✭❍♦(❜❛❝❤ ❛♥❞ ❍❛❧✛♠❛♥✱ ✷✵✶✾❀ ❇❡(♥✐♥❣ ❛♥❞
❲❡✐T✱ ✷✵✶✻❀ ❘❛$❤♠❛♥♥ ❛♥❞ ❘❛✉❤✉$✱ ✷✵✶✾✮✱  ✉♣♣♦($✐♥❣ $❤❡ ✐❞❡❛ ♦❢ ✐♥❝(❡❛ ❡❞  ♦❝✐❛❧
❝♦♥$(♦❧✳
❚❤❡ ❣❡♥❡(❛❧✐ ❛❜✐❧✐$② ♦❢ ♦✉( (❡ ✉❧$ ♠❛② ❜❡  ✉❜❥❡❝$ $♦ ❝❡($❛✐♥ ❧✐♠✐$❛$✐♦♥ ✳ ❋✐( $✱ ♦✉(
❛♥❛❧② ✐ ✐ (❡ $(✐❝$❡❞ $♦ ❛  ✐♥❣❧❡ ❥♦✉(♥❛❧ ❢(♦♠ ❛  ✐♥❣❧❡ ❞✐ ❝✐♣❧✐♥❡✳ ❍♦✇❡✈❡(✱ ♣✉❜❧✐❝❛✲
$✐♦♥ ❜✐❛ ❤❛ ❜❡❡♥ ❞♦❝✉♠❡♥$❡❞ ✐♥ ✈❛(✐♦✉ ❞✐ ❝✐♣❧✐♥❡ ❛♥❞ ✐$ ✐ ✉♥❧✐❦❡❧② $❤❛$ ♣❛$$❡(♥ 
❛  ♦❝✐❛$❡❞ ✇✐$❤ $❡❛♠  ✐③❡ ✇✐❧❧ ❜❡ ❞✐✛❡(❡♥$ ✐♥ ♦$❤❡( ✜❡❧❞ ✳ ❋✉($❤❡(✱ $❤❡ ◗❏❊ ✐ ❛ ❧❡❛❞✲
✐♥❣ ❥♦✉(♥❛❧ ❛♥❞ $❤❡(❡❢♦(❡ ♣❛($✐❝✉❧❛(❧② ✐♥✢✉❡♥$✐❛❧✳ W✉❜❧✐❝❛$✐♦♥ ❜✐❛ ✐♥  ✉❝❤ ❛ ❥♦✉(♥❛❧
❝❛♥ $❤❡(❡❢♦(❡ ❤❛✈❡ ❛  $(♦♥❣❡( ✐♠♣❛❝$ ♦♥ $❤❡ ❞✐ ❝✐♣❧✐♥❡ ❛ ❛ ✇❤♦❧❡✱ ♣❛($✐❝✉❧❛(❧② ✐♥✢✉✲
❡♥❝✐♥❣ ❢✉$✉(❡ (❡ ❡❛(❝❤✳ ❙❡❝♦♥❞✱ $❤❡ ◗❏❊ ❞♦❡ ♥♦$ ❢♦(♠✉❧❛$❡ (❡J✉✐(❡♠❡♥$ (❡❣❛(❞✐♥❣
$❤❡ ❧❡♥❣$❤ ♦❢ ❛($✐❝❧❡ ❛♥❞ $❤❡ (❡♣♦($✐♥❣  $②❧❡ ♦❢  $❛$✐ $✐❝❛❧ (❡ ✉❧$ ✱ ✇❤✐❝❤ ❣✐✈❡ (❡✲
 ❡❛(❝❤❡( ♠❛♥② ❞❡❣(❡❡ ♦❢ ❢(❡❡❞♦♠✳ ■$ ✐ $❤❡(❡❢♦(❡ ♣♦  ✐❜❧❡ $❤❛$ ❥♦✉(♥❛❧ $❤❛$  ❡$
❝❧❡❛( ♣❛❣❡ (❡ $(✐❝$✐♦♥ ♠❛② ❡♥❝♦✉(❛❣❡ ❛❧❧ (❡ ❡❛(❝❤❡( ✱ (❡❣❛(❞❧❡  ♦❢ $❡❛♠  ✐③❡✱ $♦ ❜❡
♠♦(❡  ❡❧❡❝$✐✈❡ ✐♥ (❡♣♦($✐♥❣ ❡♠♣✐(✐❝❛❧ ✜♥❞✐♥❣ ✳ ❍♦✇❡✈❡(✱ $❤✐ ✇✐❧❧ ♥♦$ ❝♦♥❢♦✉♥❞ ♦✉(
❣(♦✉♣ ❝♦♠♣❛(✐ ♦♥  ✐♥❝❡ ✐♥ $❤❡ ❝❛ ❡ ♦❢ $❤❡ ◗❏❊✱ (❡ ❡❛(❝❤❡( ✇❡(❡ ❢(❡❡ $♦ ❞❡❝✐❞❡ ❤♦✇
$♦ (❡♣♦($ $❤❡✐( (❡ ✉❧$ ❛♥❞ ❞✐✛❡(❡♥❝❡ ❜❡$✇❡❡♥ ♣❛♣❡( ✱ $❤❡(❡❢♦(❡✱ (❡✢❡❝$ ✐♥❞✐✈✐❞✉❛❧
❞❡❝✐ ✐♦♥ ✳
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%♦ ✷✵✶✽✳
❖✉" '❛♠♣❧❡ ❝♦♥'✐'%' ♦❢ %❡'% '%❛%✐'%✐❝' ❡①%"❛❝%❡❞ ❢"♦♠ ❛❧❧ ❡♠♣✐"✐❝❛❧ ♣❛♣❡"' %❤❛% "❡✲
♣♦"% ✐♥❢❡"❡♥❝❡✲'%❛%✐'%✐❝❛❧ %❡'% "❡'✉❧%' ♦❢ ♦♥❡ ♦" ♠♦"❡ ❤②♣♦%❤❡'❡'✳ ❲❡ %❤❡"❡❢♦"❡✱ ✜"'%✱
❡①❝❧✉❞❡❞ ❛❧❧ ♣❛♣❡"' %❤❛% ✇'❡"❡ ❡✐%❤❡" ♣✉"❡❧② %❤❡♦"❡%✐❝❛❧✱ ❞❡'❝"✐♣%✐✈❡✱ ❡①♣❧♦"❛%✐✈❡ ♦"
❜❛'❡❞ ♦♥ '✐♠✉❧❛%✐♦♥ ❞❛%❛ ♦" ♣❛♣❡"' %❤❛% ❞✐❞ ♥♦% ♣"♦✈✐❞❡ ❛♣♣"♦♣"✐❛%❡ %❡'% '%❛%✐'%✐❝'
♦" ✐♥❢♦"♠❛%✐♦♥ %♦ ❝❛❧❝✉❧❛%❡ %❤❡♠✳ ❙❡❝♦♥❞✱ ✇❡ ❡①%"❛❝% %❡'% '%❛%✐'%✐❝' ❢"♦♠ %❤❡ '❡% ♦❢
❡❧✐❣✐❜❧❡ ❛"%✐❝❧❡'✳ ❲❡ "❡❛❞ %❤❡ "❡'♣❡❝%✐✈❡ "❡'✉❧%' '❡❝%✐♦♥ ❛♥❞ ✐♥'♣❡❝%❡❞ "❡❣"❡''✐♦♥ %❛✲
❜❧❡' %♦ ❝❧❡❛"❧② ❧✐♥❦ %❤❡ "❡♣♦"%❡❞ ❝♦❡✣❝✐❡♥%' %♦ %❤❡ ❤②♣♦%❤❡'❡'✳ ❯'✉❛❧❧②✱ ✇❡ ❡①%"❛❝%❡❞
❝♦❡✣❝✐❡♥%' "❡♣♦"%❡❞ ✐♥ %❤❡ ❢✉❧❧ "❡❣"❡''✐♦♥ ♠♦❞❡❧✱ ❡①❝❡♣% ❢♦" ❝❛'❡' ✇❤❡"❡ %❤❡ ❛✉%❤♦"'
♣❛"%✐❝✉❧❛"❧② "❡❢❡""❡❞ %♦ ❝❡"%❛✐♥ ♣❛"%✐❛❧ ♠♦❞❡❧'✳ ❲❡ ❞✐❞ ♥♦% ❡①%"❛❝% %❡'% '%❛%✐'%✐❝' %❤❛%
✇❡"❡ ❡✐%❤❡" ♣❛"% ♦❢ %❡'%✐♥❣ ✐❞❡♥%✐✜❝❛%✐♦♥ ❛''✉♠♣%✐♦♥' ✭❡✳❣✳ ✜"'%✲'%❛❣❡ "❡'✉❧%' ❢"♦♠
■❱ "❡❣"❡''✐♦♥✮✱ ❧✐♥❦❡❞ %♦ ❡①♣❡❝%❡❞ ♥✉❧❧ ❡✛❡❝%' ✭✐♥❝❧✉❞✐♥❣ "❛♥❞♦♠✐③❛%✐♦♥ ♦" ♣❧❛❝❡❜♦
%❡'%'✮ ♦" ♣❛"% ♦❢ "♦❜✉'%♥❡'' ♦" '❡♥'✐%✐✈✐%② ❛♥❛❧②'❡'✳ ❖✈❡"❛❧❧✱ ♦✉" "❡'✉❧%' ❛"❡ ❜❛'❡❞ ♦♥
✶✶✾✷✻ ❝♦❡✣❝✐❡♥%' ❢"♦♠ ✹✻✷ ♣❛♣❡"'✳
❉✐✛❡"❡♥% ❢"♦♠ '%✉❞✐❡' %❤❛% "❡❧② ♦♥ ❛✉%♦♠❛%❡❞ ❝"❛✇❧❡"'✱ ✇❡ ❝❛"❡❢✉❧❧② '❡❧❡❝%❡❞ ♦♥❧②
%❤♦'❡ %❡'%✲'%❛%✐'%✐❝' %❤❛% ❛"❡ "❡❧❛%❡❞ %♦ %❤❡ ❛✉%❤♦"'✬ ❤②♣♦%❤❡'❡'✳ ❲❤❡♥❡✈❡" %❤❡ ❞❛%❛
✶✵✹
✇❛" ♣$♦✈✐❞❡❞✱ ✇❡ ❝❛❧❝✉❧❛.❡❞ ♣✲✈❛❧✉❡" ❢$♦♠ .❤❡ ❣✐✈❡♥ ".❛.✐".✐❝" ✭♦♥❧② ✐♥ ✸✳✶✪ ♦❢ .❤❡
❝❛"❡" ✇❡ ❤❛❞ .♦ $❡❧② ♦♥ ♣✲✈❛❧✉❡" ♣$♦✈✐❞❡❞ ❜② .❤❡ ❛✉.❤♦$"✮✳ ❇② ❞♦✐♥❣ "♦✱ ✇❡ ❞♦ ♥♦.
$❡❧② ♦♥ .❤❡ ❛✉.❤♦$"✬ $♦✉♥❞✐♥❣ ♦❢ ♣✲✈❛❧✉❡"✱ ✇❤✐❝❤ ♠✐❣❤. ❜❡ ✇$♦♥❣❢✉❧❧② $♦✉♥❞❡❞ ✐♥
.❤❡ ❞✐$❡❝.✐♦♥ ♦❢ "✐❣♥✐✜❝❛♥❝❡✳ ◆❡✈❡$.❤❡❧❡""✱ ✇❡ ♦❜"❡$✈❡ .❤❡ ❝❧✉".❡$✐♥❣ ♦❢ ③✲".❛.✐".✐❝"
❛$♦✉♥❞ ✐♥.❡❣❡$ ✈❛❧✉❡"✳ ❲❤✐❧❡ .❤✐" ❝❛♥ ❜❡ ❞✉❡ .♦ $♦✉♥❞❡❞ ❡✛❡❝. "✐③❡" ❛♥❞ ".❛♥❞❛$❞
❞❡✈✐❛.✐♦♥"✱ ✐. ❞♦❡" ♥♦. ❛✛❡❝. .❤❡ ❝♦♠♣❛$✐"♦♥ ❜❡.✇❡❡♥ .❤❡ .✇♦ ❣$♦✉♣"✱ "✐♥❝❡ ✐. ❝❛♥♥♦.
❡①♣❧❛✐♥ .❤❡ ❞✐✛❡$❡♥❝❡ ❜❡.✇❡❡♥ .❤❡ .✇♦ ❣$♦✉♣"✳
❆❞❞✐#✐♦♥❛❧ ❚❛❜❧❡+
❚❛❜❧❡ ✸✳✶✿ ❚♦❜✐. $❡❣$❡""✐♦♥
▼♦❞❡❧ ✶ ▼♦❞❡❧ ✷ ▼♦❞❡❧ ✸
❉❡♣❡♥❞❡♥. ✈❛$✐❛❜❧❡ ❙❤❛$❡ ♦❢ ♣❃✵✳✶ ❙❤❛$❡ ♦❢ ♣❃✵✳✵✺ ❙❤❛$❡ ♦❢ ♣❃✵✳✵✶
◆✉♠❜❡$ ♦❢ ❛✉.❤♦$" ✵✳✵✸✺✺✯✯ ✵✳✵✸✶✽✯ ✵✳✵✸✼✸✯
✭✵✳✵✶✷✮ ✭✵✳✵✶✸✮ ✭✵✳✵✶✺✮
■♥.❡$❝❡♣. ✵✳✶✺✷✸✯✯✯ ✵✳✷✹✸✹✯✯✯ ✵✳✹✷✼✯✯✯
✭✵✳✵✸✷✮ ✭✵✳✵✸✸✮ ✭✵✳✵✸✾✮
▲♦❣✭"❝❛❧❡✮ ✲✶✳✸✵✻✼✯✯✯ ✲✶✳✷✹✶✷✯✯✯ ✲✶✳✵✽✻✯✯✯
✭✵✳✵✸✾✮ ✭✵✳✵✸✽✮ ✭✵✳✵✸✽✮
◆ ❚♦.❛❧ ✹✻✷ ✹✻✷ ✹✻✷
◆ ▲❡❢.✲❝❡♥"♦$❡❞ ✾✽ ✼✹ ✹✻
◆ ❯♥❝❡♥"♦$❡❞ ✸✻✸ ✸✽✹ ✸✽✻
◆ ❘✐❣❤.✲❝❡♥"♦$❡❞ ✶ ✹ ✸✵
◆♦"❡$✳ ❙❤❛#❡ ♦❢ ❤②♣♦)❤❡*✐③❡❞ ❜✉) ♥♦) ❝♦♥✜#♠❡❞ ✜♥❞✐♥❣* ✭♣❡# ♣❛♣❡#✮ ❞❡♣❡♥❞✐♥❣ ♦♥ )❤❡ ♥✉♠❜❡#
♦❢ ❛✉)❤♦#* ❛♥❞ ❢♦# ❞✐✛❡#❡♥) ❧❡✈❡❧* ♦❢ *✐❣♥✐✜❝❛♥❝❡✳ ❖♥❧② ❤②♣♦)❤❡*✐*✲#❡❧❛)❡❞ ♣✲✈❛❧✉❡* ❛#❡ ❝♦♥*✐❞✲
❡#❡❞✳ ❙)❛♥❞❛#❞ ❡##♦#* ❛#❡ #❡♣♦#)❡❞ ❜❡❧♦✇ ❡❛❝❤ ❝♦❡✣❝✐❡♥) ✭✐♥ ♣❛#❡♥)❤❡*❡*✮✳ ✯♣❁✵✳✵✺✱ ✯✯♣❁✵✳✵✶✱
✯✯✯♣❁✵✳✵✵✶✳
✶✵✺
❚❛❜❧❡ ✸✳✷✿ ❘♦❜✉,-♥❡,, ❝❤❡❝❦✿ ▲✐♥❡❛4 4❡❣4❡,,✐♦♥
▼♦❞❡❧ ✶ ▼♦❞❡❧ ✷ ▼♦❞❡❧ ✸
❉❡♣❡♥❞❡♥- ✈❛4✐❛❜❧❡ ❙❤❛4❡ ♦❢ ♣❃✵✳✶ ❙❤❛4❡ ♦❢ ♣❃✵✳✵✺ ❙❤❛4❡ ♦❢ ♣❃✵✳✵✶
◆✉♠❜❡4 ♦❢ ❛✉-❤♦4, ✵✳✵✷✼✸✯✯ ✵✳✵✷✻✷✯ ✵✳✵✸✸✼✯✯
✭✵✳✵✶✮ ✭✵✳✵✶✶✮ ✭✵✳✵✶✸✮
■♥-❡4❝❡♣- ✵✳✷✵✸✺✯✯✯ ✵✳✷✼✾✸✯✯✯ ✵✳✹✹✵✷✯✯✯
✭✵✳✵✷✺✮ ✭✵✳✵✷✽✮ ✭✵✳✵✸✸✮
◆ ✹✻✷ ✹✻✷ ✹✻✷
◆♦"❡$✳ ▲✐♥❡❛% %❡❣%❡''✐♦♥' ❡')✐♠❛)✐♥❣ )❤❡ '❤❛%❡ ♦❢ ✐♥'✐❣♥✐✜❝❛♥) %❡'✉❧)' ♣❡% ♣❛♣❡% ❞❡♣❡♥❞✐♥❣ ♦♥ )❤❡
♥✉♠❜❡% ♦❢ ❛✉)❤♦%'✳ ❖♥❧② ❤②♣♦)❤❡'✐'✲%❡❧❛)❡❞ ♣✲✈❛❧✉❡' ❛%❡ ❝♦♥'✐❞❡%❡❞✳ ❙)❛♥❞❛%❞ ❡%%♦%' ❛%❡ %❡♣♦%)❡❞
❜❡❧♦✇ ❡❛❝❤ ❝♦❡✣❝✐❡♥) ✭✐♥ ♣❛%❡♥)❤❡'❡'✮✳ ✯♣❁✵✳✵✺✱ ✯✯♣❁✵✳✵✶✱ ✯✯✯♣❁✵✳✵✵✶✳
❆❞❞✐#✐♦♥❛❧ ❋✐❣✉+❡-





























































































































































































❋✐❣✉4❡ ✸✳✹✿ ❉✐,❝♦♥-✐♥✉✐-② ❡,-✐♠❛-✐♦♥ ❛♥❞ -❡❛♠ ,✐③❡✱ α = 0.10
❚❤❡ ❣%❛♣❤' '❤♦✇ )❤❡ %❡'✉❧)' ♦❢ )❤❡ ❞✐'❝♦♥)✐♥✉✐)② ❡')✐♠❛)✐♦♥ ❜② ❛♣♣❧②✐♥❣ )❤❡ ▼❝❈%❛%②✲)❡') ❢♦%
'♠❛❧❧❡% ❛♥❞ ❧❛%❣❡% )❡❛♠' ❛' ✇❡❧❧ ❛' )❤❡ ❞✐✛❡%❡♥❝❡ ❜❡)✇❡❡♥ )❤❡ )✇♦ ❣%♦✉♣' ❛) )❤❡ ♣❂✵✳✶✵ )❤%❡'❤✲
♦❧❞✳ ❲❡ ♣❧♦) )❤❡ ♣✲✈❛❧✉❡ ❞✐')%✐❜✉)✐♦♥ ✭❞♦)'✮ ❛♥❞ ❛ ❧♦❝❛❧ ❧✐♥❡❛% ❞❡♥'✐)② ❡')✐♠❛)✐♦♥ ✭'♦❧✐❞ ❧✐♥❡✮ ✇✐)❤
)❤❡ %❡'♣❡❝)✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳ ✭❆✮ ❙♠❛❧❧ )❡❛♠' '❤♦✇ ♥♦ '✐❣♥✐✜❝❛♥) ❞✐'❝♦♥)✐♥✉✐)② ❥✉') ❜❡✲
❧♦✇ ✵✳✶✵ ✐♥ )❤❡ ♣✲✈❛❧✉❡ ❞✐')%✐❜✉)✐♦♥ ✭θ̂small❂✲✵✳✸✸✱ ♣❂✵✳✷✷✮✳ ✭❇✮ ❚❤❡ '❛♠❡ %❡'✉❧) ❤♦❧❞' ❢♦% ❧❛%❣❡
)❡❛♠' ✭θ̂large❂✵✳✺✽✱ ♣❂✵✳✶✶✽✮✳ ✭❈✮ ❚❤❡ ❝♦♥)%❛') ❜❡)✇❡❡♥ )❤❡ )✇♦ ❞✐')%✐❜✉)✐♦♥' '❤♦✇' ♥♦ '✐❣♥✐✜❝❛♥)
❞✐'❝♦♥)✐♥✉✐)② ❜❡)✇❡❡♥ )❤❡ ♣✲✈❛❧✉❡ ❞✐')%✐❜✉)✐♦♥' ♦❢ '♠❛❧❧ ❛♥❞ ❧❛%❣❡ )❡❛♠' ❛) ♣❂✵✳✶✵ ✭ θ̂diff❂✲✵✳✵✸✱
♣❂✵✳✽✼✽✮✳
✶✵✻






















































































































































































































































❋✐❣✉$❡ ✸✳✺✿ ❉✐+❝♦♥/✐♥✉✐/② ❡+/✐♠❛/✐♦♥ ❛♥❞ /❡❛♠ +✐③❡✱ α = 0.01
❚❤❡ ❣$❛♣❤' '❤♦✇ *❤❡ $❡'✉❧*' ♦❢ *❤❡ ❞✐'❝♦♥*✐♥✉✐*② ❡'*✐♠❛*✐♦♥ ❜② ❛♣♣❧②✐♥❣ *❤❡ ▼❝❈$❛$②✲*❡'* ❢♦$
'♠❛❧❧❡$ ❛♥❞ ❧❛$❣❡$ *❡❛♠' ❛' ✇❡❧❧ ❛' *❤❡ ❞✐✛❡$❡♥❝❡ ❜❡*✇❡❡♥ *❤❡ *✇♦ ❣$♦✉♣' ❛* *❤❡ ♣❂✵✳✵✶ *❤$❡'❤✲
♦❧❞✳ ❲❡ ♣❧♦* *❤❡ ♣✲✈❛❧✉❡ ❞✐'*$✐❜✉*✐♦♥ ✭❞♦*'✮ ❛♥❞ ❛ ❧♦❝❛❧ ❧✐♥❡❛$ ❞❡♥'✐*② ❡'*✐♠❛*✐♦♥ ✭'♦❧✐❞ ❧✐♥❡✮ ✇✐*❤
*❤❡ $❡'♣❡❝*✐✈❡ ✾✺✪ ❝♦♥✜❞❡♥❝❡ ❜❛♥❞✳ ✭❆✮ ❙♠❛❧❧ *❡❛♠' '❤♦✇ ♥♦ '✐❣♥✐✜❝❛♥* ❞✐'❝♦♥*✐♥✉✐*② ❥✉'* ❜❡✲
❧♦✇ ✵✳✵✶ ✐♥ *❤❡ ♣✲✈❛❧✉❡ ❞✐'*$✐❜✉*✐♦♥ ✭θ̂small❂✵✳✸✸✱ ♣❂✵✳✵✺✶✮✳ ✭❇✮ ❚❤❡ '❛♠❡ $❡'✉❧* ❤♦❧❞' ❢♦$ ❧❛$❣❡
*❡❛♠' ✭θ̂large❂✵✳✶✼✱ ♣❂✵✳✸✺✽✮✳ ✭❈✮ ❚❤❡ ❝♦♥*$❛'* ❜❡*✇❡❡♥ *❤❡ *✇♦ ❞✐'*$✐❜✉*✐♦♥' '❤♦✇' ♥♦ '✐❣♥✐✜❝❛♥*




❆)❦✐♥❣ )❡♥)✐$✐✈❡ /✉❡)$✐♦♥) ✉)✐♥❣ $❤❡






✶✳ ❚❤✐& ❝❤❛♣*❡, ✐& ♣✉❜❧✐&❤❡❞ ✐♥ 2✉❜❧✐❝ ❖♣✐♥✐♦♥ ◗✉❛,*❡,❧② ✭✷✵✶✷✱ ❱♦❧✳ ✼✻ ◆♦✳ ✶✮ ✉♥❞❡, *❤❡
*✐*❧❡ ✏❆&❦✐♥❣ &❡♥&✐*✐✈❡ D✉❡&*✐♦♥& ✉&✐♥❣ *❤❡ ❝,♦&&✇✐&❡ ♠♦❞❡❧✿ ❛♥ ❡①♣❡,✐♠❡♥*❛❧ &✉,✈❡② ♠❡❛&✉,✐♥❣
♣❧❛❣✐❛,✐&♠✑✳ ❉❖■✿ ❤**♣&✿✴✴❞♦✐✳♦,❣✴✶✵✳✶✵✾✸✴♣♦D✴♥❢,✵✸✻
✷✳❆❝❦♥♦✇❧❡❞❣♠❡♥*&✿ ❚❤❡ ❛✉*❤♦,& *❤❛♥❦ ❉❡❜,❛ ❍❡✈❡♥&*♦♥❡ ❛♥❞ *❤❡ ❛♥♦♥②♠♦✉& ,❡✈✐❡✇❡,& ❢♦,
*❤❡✐, ❝♦♠♠❡♥*& ♦♥ ❛♥ ❡❛,❧✐❡, ❞,❛❢* ♦❢ *❤✐& ❛,*✐❝❧❡✳ ❋✉,*❤❡,♠♦,❡✱ *❤❡ ❛✉*❤♦,& *❤❛♥❦ ◆♦,♠❛♥ ❇,❛✉♥✱
❏♦❝❤❡♥ ●,♦U✱ ❛♥❞ ▼❛**❤✐❛& ◆❛❡❢ ❢♦, *❤❡✐, ❛&&✐&*❛♥❝❡ ✇✐*❤ *❤❡ ❞❛*❛ ❝♦❧❧❡❝*✐♦♥✳ ❚❤✐& ✇♦,❦ ✇❛&
&✉♣♣♦,*❡❞ ❜② *❤❡ ●❡,♠❛♥ ❘❡&❡❛,❝❤ ❋♦✉♥❞❛*✐♦♥ ❬❉■ ✷✾✷✴✺ *♦ ❆♥❞,❡❛& ❉✐❡❦♠❛♥♥✱ ❱❖ ✻✽✹✴✶✶ *♦
❚❤♦♠❛& ❱♦&& ❛♥❞ ❑❛,❧✲❉✐❡*❡, ❖♣♣❪✳
✶✵✽
❆❜"#$❛❝#✳ ❨✉ ❡# ❛❧✳ ✭✷✵✵✽✮ ♣-♦♣♦/❡❞ #✇♦ ♥❡✇ #❡❝❤♥✐6✉❡/ ❢♦- ❛/❦✐♥❣ 6✉❡/#✐♦♥/ ♦♥
/❡♥/✐#✐✈❡ #♦♣✐❝/ ✐♥ ♣♦♣✉❧❛#✐♦♥ /✉-✈❡②/✿ #❤❡ #-✐❛♥❣✉❧❛- ♠♦❞❡❧ ✭❚▼✮ ❛♥❞ #❤❡ ❝-♦//✇✐/❡
♠♦❞❡❧ ✭❈▼✮✳ ❚❤❡ #✇♦ ♠♦❞❡❧/ ❝❛♥ ❜❡ ✉/❡❞ ❛/ ❛❧#❡-♥❛#✐✈❡/ #♦ #❤❡ ✇❡❧❧✲❦♥♦✇♥ -❛♥❞♦♠✲
✐③❡❞ -❡/♣♦♥/❡ #❡❝❤♥✐6✉❡ ✭❘❘❚✮ ❛♥❞ ❛-❡ ♠❡❛♥# #♦ ♦✈❡-❝♦♠❡ /♦♠❡ ♦❢ #❤❡ ❞-❛✇❜❛❝❦/ ♦❢
#❤❡ ❘❘❚✳ ❆❧#❤♦✉❣❤ ❨✉✱ ❚✐❛♥✱ ❛♥❞ ❚❛♥❣ ♣-♦✈✐❞❡ ❛ ♣-♦♠✐/✐♥❣ #❤❡♦-❡#✐❝❛❧ ❛♥❛❧②/✐/ ♦❢
#❤❡ ♣-♦♣♦/❡❞ ♠♦❞❡❧/✱ #❤❡② ❞✐❞ ♥♦# #❡/# #❤❡♠✳ ❲❡ #❤❡-❡❢♦-❡ ♣-♦✈✐❞❡ -❡/✉❧#/ ❢-♦♠ ❛♥
❡①♣❡-✐♠❡♥#❛❧ /✉-✈❡② ✐♥ ✇❤✐❝❤ #❤❡ ❝-♦//✇✐/❡ ♠♦❞❡❧ ✇❛/ ✐♠♣❧❡♠❡♥#❡❞ ❛♥❞ ❝♦♠♣❛-❡❞
#♦ ❞✐-❡❝# 6✉❡/#✐♦♥✐♥❣✳ ❚♦ ♦✉- ❦♥♦✇❧❡❞❣❡✱ #❤✐/ ✐/ #❤❡ ✜-/# ❡♠♣✐-✐❝❛❧ ❡✈❛❧✉❛#✐♦♥ ♦❢
#❤❡ ❝-♦//✇✐/❡ ♠♦❞❡❧✳ ❲❡ ❢♦❝✉/❡❞ ♦♥ #❤❡ ❝-♦//✇✐/❡ ♠♦❞❡❧ ❜❡❝❛✉/❡ ✐# /❡❡♠/ ❜❡##❡-
/✉✐#❡❞ #❤❛♥ #❤❡ #-✐❛♥❣✉❧❛- ♠♦❞❡❧ #♦ ♦✈❡-❝♦♠❡ #❤❡ /❡❧❢✲♣-♦#❡❝#✐✈❡ ✏♥♦✑ ❜✐❛/ ♦❜/❡-✈❡❞
❢♦- #❤❡ ❘❘❚✳ ❚❤✐/ ♣❛♣❡-✲❛♥❞✲♣❡♥❝✐❧ /✉-✈❡② ♦♥ ♣❧❛❣✐❛-✐/♠ ✇❛/ ❛❞♠✐♥✐/#❡-❡❞ #♦ ❙✇✐//
❛♥❞ ●❡-♠❛♥ /#✉❞❡♥#/ ✐♥ ✉♥✐✈❡-/✐#② ❝❧❛//-♦♦♠/✳ ❘❡/✉❧#/ /✉❣❣❡/# #❤❛# #❤❡ ❈▼ ✐/




■! ✐# ❝❤❛❧❧❡♥❣✐♥❣ !♦ ❛❝❝✉-❛!❡❧② ♠❡❛#✉-❡ #❡♥#✐!✐✈❡ ✐##✉❡# #✉❝❤ ❛# ♣❡-#♦♥❛❧✱ ✐❧❧❡❣❛❧✱ ♦-
#♦❝✐❛❧❧② ✉♥❞❡#✐-❛❜❧❡ ❜❡❤❛✈✐♦- ❜❡❝❛✉#❡ -❡#♣♦♥❞❡♥!# !❡♥❞ !♦ ❝♦♥❝❡❛❧ ♦✛❡♥#❡# ❛❣❛✐♥#!
!❤❡ ❧❛✇ ❛♥❞ ❞❡♥② ✈✐♦❧❛!✐♦♥# ♦❢ #♦❝✐❛❧ ♥♦-♠#✳ ❙✉❝❤ #②#!❡♠❛!✐❝ -❡#♣♦♥#❡ ❡--♦-# ❧❡❛❞ !♦
#♦❝✐❛❧✲❞❡#✐-❛❜✐❧✐!② ❜✐❛# ✐♥ ♣-❡✈❛❧❡♥❝❡ ❡#!✐♠❛!❡# ♦❢ !❤❡ #❡♥#✐!✐✈❡ ❜❡❤❛✈✐♦-# ♦❢ ✐♥!❡-❡#!✱
✉♥❞❡-❡#!✐♠❛!✐♥❣ #♦❝✐❛❧❧② ✉♥❞❡#✐-❛❜❧❡ ❛❝!✐✈✐!✐❡# #✉❝❤ ❛# ❛❜♦-!✐♦♥✱ ✐❧❧✐❝✐! ❞-✉❣ ✉#❡✱
#♦❝✐❛❧ ❢-❛✉❞✱ ❛♥❞ #!✉❞❡♥! ❝❤❡❛!✐♥❣✱ ❛♥❞ ♦✈❡-❡#!✐♠❛!✐♥❣ #♦❝✐❛❧❧② ❞❡#✐-❛❜❧❡ ❛❝!✐✈✐!✐❡#
#✉❝❤ ❛# ✈♦!✐♥❣✱ #❡❛! ❜❡❧! ✉#❡✱ ❛♥❞ ❡①❡-❝✐#✐♥❣ ✭❢♦- ❛♥ ♦✈❡-✈✐❡✇✱ #❡❡ ❚♦✉-❛♥❣❡❛✉ ❛♥❞
❨❛♥✱ ✷✵✵✼✮✳ ❆♥♦!❤❡- #❡✈❡-❡ ♣-♦❜❧❡♠ ✐# ✐!❡♠ ♥♦♥✲-❡#♣♦♥#❡ ✐❢ #❡♥#✐!✐✈❡ D✉❡#!✐♦♥# ❛-❡
❛#❦❡❞ ❞✐-❡❝!❧②✳ ❙♦♠❡ -❡#♣♦♥❞❡♥!# ♠❛② -❡❢✉#❡ !♦ -❡✈❡❛❧ ♣❡-#♦♥❛❧ ✐♥❢♦-♠❛!✐♦♥ ❛❜♦✉!
!❤❡✐- ✐♥❝♦♠❡ ♦- #❡①✉❛❧ ❜❡❤❛✈✐♦- ✐❢ !❤❡② ♣❡-❝❡✐✈❡ #✉❝❤ D✉❡#!✐♦♥# ❛# !♦♦ ✐♥!-✉#✐✈❡ ♦-
❡♠❜❛--❛##✐♥❣✳ ■❢ ✐!❡♠ ♥♦♥✲-❡#♣♦♥#❡ ✐# #②#!❡♠❛!✐❝❛❧❧② -❡❧❛!❡❞ !♦ !❤❡ ❜❡❤❛✈✐♦-# ♦❢
✐♥!❡-❡#!✱ ❡#!✐♠❛!❡# ✇✐❧❧ ❜❡ ❞✐#!♦-!❡❞✳
✹✳✶✳✶ ❚❤❡ &❛♥❞♦♠✐③❡❞ &❡.♣♦♥.❡ 0❡❝❤♥✐2✉❡
❚♦ ♦✈❡-❝♦♠❡ !❤❡#❡ ♣-♦❜❧❡♠#✱ ♠❡!❤♦❞# #✉❝❤ ❛# !❤❡ -❛♥❞♦♠✐③❡❞ -❡#♣♦♥#❡ !❡❝❤♥✐D✉❡
✭❘❘❚✮ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✳ ■♥ !❤❡ ❘❘❚✱ -❡#♣♦♥❞❡♥!# ✉#❡ ❛ -❛♥❞♦♠✐③❛!✐♦♥ ❞❡✲
✈✐❝❡ ✇✐!❤ ❛ ❦♥♦✇♥ ♣-♦❜❛❜✐❧✐!② ❞✐#!-✐❜✉!✐♦♥ ✭❡✳❣✳✱ ❝♦✐♥#✱ ❞✐❝❡✱ ❝❛-❞#✮ !♦ ❣❡♥❡-❛!❡ ❛
♣-♦❜❛❜✐❧✐#!✐❝ -❡❧❛!✐♦♥#❤✐♣ ❜❡!✇❡❡♥ !❤❡✐- ❛♥#✇❡-# ❛♥❞ !❤❡ !-✉❡ ✈❛❧✉❡# ♦❢ !❤❡ #❡♥#✐!✐✈❡
❝❤❛-❛❝!❡-✐#!✐❝✳ ■♥ ❲❛-♥❡-✬# ♦-✐❣✐♥❛❧ ❘❘❚ ❞❡#✐❣♥ ✭❲❛-♥❡-✱ ✶✾✻✺✮✱ -❡#♣♦♥❞❡♥!# ❛-❡
❝♦♥❢-♦♥!❡❞ ✇✐!❤ !✇♦ #!❛!❡♠❡♥!#✱ ❆ ❛♥❞ ❇✱ ♦♥❡ ♦❢ ✇❤✐❝❤ ✐# !❤❡ ♥❡❣❛!✐♦♥ ♦❢ !❤❡ ♦!❤❡-✳
❋♦- ❡①❛♠♣❧❡✱ !❤❡ !✇♦ #!❛!❡♠❡♥!# ♠✐❣❤! ❜❡ ✏■ ❤❛✈❡ ❝❤❡❛!❡❞ ♦♥ ❛ ✇-✐!!❡♥ !❡#! ❛! ❧❡❛#!
♦♥❝❡✑ ✭#!❛!❡♠❡♥! ❆✮ ❛♥❞ ✏■ ❤❛✈❡ ♥❡✈❡- ❝❤❡❛!❡❞ ♦♥ ❛ ✇-✐!!❡♥ !❡#!✑ ✭#!❛!❡♠❡♥! ❇✮✳
❘❡#♣♦♥❞❡♥!# ❛-❡ !❤❡♥ ❛#❦❡❞ !♦ ❡♠♣❧♦② ❛ -❛♥❞♦♠✐③❛!✐♦♥ ❞❡✈✐❝❡ !♦ ♣✐❝❦ ♦♥❡ ♦❢ !❤❡
!✇♦ #!❛!❡♠❡♥!# ❛♥❞ ✐♥❞✐❝❛!❡ ✇❤❡!❤❡- !❤❡ -❛♥❞♦♠❧② ❝❤♦#❡♥ #!❛!❡♠❡♥! ✐# !-✉❡ ♦- ♥♦!✳
❋♦- ❡①❛♠♣❧❡✱ ❛ -❡#♣♦♥❞❡♥! ♠❛② ❜❡ ✐♥#!-✉❝!❡❞ !♦ !❤-♦✇ ❛ ❞✐❡ ✭✉♥♦❜#❡-✈❡❞ ❜② !❤❡
✐♥!❡-✈✐❡✇❡-✮ ❛♥❞ ❛♥#✇❡- #!❛!❡♠❡♥! ❆ ✐❢ !❤❡ ♦✉!❝♦♠❡ ✐# ✶ ♦- ✷ ❛♥❞ #!❛!❡♠❡♥! ❇ ✐❢
!❤❡ ♦✉!❝♦♠❡ ✐# ✸✱ ✹✱ ✺✱ ♦- ✻✳ ❚❤❡ ♠❡❛♥✐♥❣ ♦❢ ❛♥ ♦❜#❡-✈❡❞ ✏②❡#✑ ♦- ✏♥♦✑ ❛♥#✇❡- ❞❡✲
♣❡♥❞# ♦♥ !❤❡ ❞✐❡✬# -❡#✉❧!✱ ✇❤✐❝❤ ✐# ❦♥♦✇♥ ♦♥❧② !♦ !❤❡ -❡#♣♦♥❞❡♥!✳ ❚❤❡-❡❢♦-❡✱ ❛ ❣✐✈❡♥
❛♥#✇❡- ❞♦❡# ♥♦! -❡✈❡❛❧ ❛♥②!❤✐♥❣ ❞❡✜♥✐!❡ ❛❜♦✉! !❤❡ !-✉❡ #!❛!❡ ♦❢ !❤❡ #❡♥#✐!✐✈❡ ❝❤❛-✲
❛❝!❡-✐#!✐❝✳ ❇❡✐♥❣ ❛✇❛-❡ ♦❢ !❤✐# ❛♥♦♥②♠✐!②✱ -❡#♣♦♥❞❡♥!# ❛-❡ ❡①♣❡❝!❡❞ !♦ ❣✐✈❡ ♠♦-❡
❤♦♥❡#! ❛♥#✇❡-# !❤❛♥ ✐❢ ❛#❦❡❞ ✉#✐♥❣ ♥♦♥✲❛♥♦♥②♠♦✉# ❞✐-❡❝! D✉❡#!✐♦♥✐♥❣✳ ❍♦✇❡✈❡-✱ ✐❢
!❤❡ ♣-♦❜❛❜✐❧✐!✐❡# ♦❢ #!❛!❡♠❡♥!# ❆ ❛♥❞ ❇ ❛-❡ ❦♥♦✇♥✱ ❛♥ ❡#!✐♠❛!♦- ❢♦- !❤❡ ♣-❡✈❛❧❡♥❝❡
♦❢ !❤❡ #❡♥#✐!✐✈❡ ❝❤❛-❛❝!❡-✐#!✐❝ ✐♥ !❤❡ ♣♦♣✉❧❛!✐♦♥ ❝❛♥ ❜❡ ❞❡-✐✈❡❞✱ ❡✈❡♥ !❤♦✉❣❤ ♥♦ ❞✐✲
-❡❝! ❧✐♥❦ ❜❡!✇❡❡♥ !❤❡ ♦❜#❡-✈❡❞ ❛♥#✇❡-# ❛♥❞ !❤❡ ✈❛-✐❛❜❧❡ ♦❢ ✐♥!❡-❡#! ❡①✐#!# ♦♥ !❤❡
✶✶✵
✐♥❞✐✈✐❞✉❛❧ ❧❡✈❡❧✳
❚❤❡ ♣,✐♥❝✐♣❧❡ ♦❢ ❛❞❞✐♥❣ ,❛♥❞♦♠ ♥♦✐2❡ 3♦ 3❤❡ ❞❛3❛ 3♦ ❡23❛❜❧✐2❤ ❛ ♣,♦❜❛❜✐❧✐23✐❝ ❧✐♥❦
❜❡3✇❡❡♥ 3❤❡ ♦❜2❡,✈❡❞ ❛♥2✇❡,2 ❛♥❞ 3❤❡ 2❡♥2✐3✐✈❡ 7✉❡23✐♦♥ ✐2 ❛❧2♦ ❛3 3❤❡ ❤❡❛,3 ♦❢
❛❧3❡,♥❛3✐✈❡ ❘❘❚ 2❝❤❡♠❡2 ✭❢♦, ❛♥ ♦✈❡,✈✐❡✇✱ 2❡❡ ❋♦① ❛♥❞ ❚,❛❝②✱ ✶✾✽✻✮✳ ❆ ♣♦♣✉❧❛,
✈❛,✐❛♥3 ✐2 ❇♦,✉❝❤✬2 ✭✶✾✼✶✮ ❢♦,❝❡❞✲❝❤♦✐❝❡ ♠❡3❤♦❞ 3❤❛3 ,❡7✉✐,❡2 3❤❡ ,❡2♣♦♥❞❡♥3 3♦
❡✐3❤❡, ❛♥2✇❡, 3❤❡ 2❡♥2✐3✐✈❡ 7✉❡23✐♦♥ ✭❡✳❣✳✱ 23❛3❡♠❡♥3 ❆ ✐♥ 3❤❡ ❡①❛♠♣❧❡ ❛❜♦✈❡✮ ♦, ❣✐✈❡
❛♥ ❛✉3♦♠❛3✐❝ ✏②❡2✑ ♦, ✏♥♦✑ ❛♥2✇❡, ❞❡♣❡♥❞✐♥❣ ♦♥ 3❤❡ ♦✉3❝♦♠❡ ♦❢ 3❤❡ ,❛♥❞♦♠✐③❛3✐♦♥
❞❡✈✐❝❡✳ ❋♦, ❡①❛♠♣❧❡✱ ,❡2♣♦♥❞❡♥32 ❝♦✉❧❞ ❜❡ ✐♥23,✉❝3❡❞ 3♦ ✢✐♣ 3✇♦ ❝♦✐♥2 ❛♥❞ ❛♥2✇❡,
✏②❡2✑ ✐❢ 3❤❡ ,❡2✉❧32 ✐2 ❤❡❛❞2 ❢♦, ❜♦3❤ ❝♦✐♥2 ❛♥❞ ✏♥♦✑ ✐♥ 3❤❡ ❝❛2❡ ♦❢ 3❛✐❧2 ❢♦, ❜♦3❤ ❝♦✐♥2✳
❖♥❧② ✐❢ 3❤❡ ,❡2✉❧32 ❢♦, 3❤❡ 3✇♦ ❝♦✐♥2 ❞✐✛❡, ✐2 3❤❡ ,❡2♣♦♥❞❡♥3 ✐♥23,✉❝3❡❞ 3♦ ❛♥2✇❡, 3❤❡
2❡♥2✐3✐✈❡ 7✉❡23✐♦♥✳ ❆❣❛✐♥✱ ❜❡❝❛✉2❡ 3❤❡ ❝♦✐♥2✬ ,❡2✉❧32 ❛,❡ ♣,✐✈❛3❡ ✐♥❢♦,♠❛3✐♦♥✱ ❛ ✏②❡2✑
❛♥2✇❡, ❞♦❡2 ♥♦3 ,❡✈❡❛❧ 3❤❡ 3,✉❡ 23❛3❡ ♦❢ 3❤❡ 2❡♥2✐3✐✈❡ ❝❤❛,❛❝3❡,✐23✐❝✳ ❆3 3❤❡ 2❛♠❡
3✐♠❡✱ ❤♦✇❡✈❡, ❡23✐♠❛3✐♦♥ ♦❢ 3❤❡ ♣♦♣✉❧❛3✐♦♥ ♣,❡✈❛❧❡♥❝❡ ✐2 ♣♦22✐❜❧❡ ✐❢ 3❤❡ ♣,♦❜❛❜✐❧✐3✐❡2
♦❢ 3❤❡ ❞✐✛❡,❡♥3 ♦✉3❝♦♠❡2 ♦❢ 3❤❡ ,❛♥❞♦♠✐③❛3✐♦♥ ❞❡✈✐❝❡ ❛,❡ ❦♥♦✇♥✳ ❘❡❣,❡22✐♦♥ ❛♥❛❧②2✐2
♦❢ ❝♦✈❛,✐❛3❡ ❡✛❡❝32 ✐2 ❛❧2♦ ♣♦22✐❜❧❡ ❜❛2❡❞ ♦♥ ❘❘❚ ❞❛3❛ ✭▼❛❞❞❛❧❛✱ ✶✾✽✸❀ ❙❝❤❡❡,2 ❛♥❞
❉❛②3♦♥✱ ✶✾✽✽❀ ❱❛♥ ❉❡, ❍❡✐❥❞❡♥ ❡3 ❛❧✳✱ ✷✵✵✵❀ ❏❛♥♥✱ ✷✵✵✺✮
❆❧3❤♦✉❣❤ 3❤❡ ❘❘❚ ✐2 23,❛✐❣❤3❢♦,✇❛,❞ ✐♥ ♣,✐♥❝✐♣❧❡✱ 3❤❡,❡ ❛,❡ ❛ ♥✉♠❜❡, ♦❢ ♣,❛❝3✐❝❛❧
♣,♦❜❧❡♠2 3❤❛3 ❝♦♠♣❧✐❝❛3❡ ✐32 ❛♣♣❧✐❝❛3✐♦♥✳ ❋♦, 3❤❡ ❘❘❚ ❡23✐♠❛3❡2 3♦ ❜❡ ✈❛❧✐❞✱ ✐3
❤❛2 3♦ ❜❡ ❛22✉♠❡❞ 3❤❛3 3❤❡ ,❡2♣♦♥❞❡♥32 ❝♦♠♣,❡❤❡♥❞ 3❤❡ 2♦♠❡✇❤❛3 ❝♦♠♣❧❡① ❘❘❚
♣,♦❝❡❞✉,❡✱ ❛♣♣,❡❝✐❛3❡ 3❤❡ ✐♥❞✉❝❡❞ ❛♥♦♥②♠✐3②✱ ❛♥❞ ❛,❡ ,❡❛❞② 3♦ ❛♥2✇❡, 3❤❡ 2❡♥2✐3✐✈❡
7✉❡23✐♦♥ 3,✉3❤❢✉❧❧② ✐❢ ✐♥23,✉❝3❡❞ 3♦ ❞♦ 2♦ ❜② 3❤❡ ♣,♦3♦❝♦❧✳ ■♥ ♦3❤❡, ✇♦,❞2✱ 3❤❡② ♥❡❡❞
3♦ ✉♥❞❡,23❛♥❞ ❛♥❞ 3,✉23 ✐♥ 3❤❡ ❘❘❚ 2❝❤❡♠❡✳
✸
❙3✉❞✐❡2 2❤♦✇ 3❤❛3 3❤❡2❡ ❛22✉♠♣3✐♦♥2
❛,❡ ♦❢3❡♥ ✈✐♦❧❛3❡❞ ✭❈,✉②✛ ❡3 ❛❧✳✱ ✷✵✵✼❀ ▲❛♥❞2❤❡❡, ❡3 ❛❧✳✱ ✶✾✾✾❀ ▲❡♥2✈❡❧3✲▼✉❧❞❡,2 ❛♥❞
❇♦❡✐❥❡✱ ✷✵✵✼❀ ❈♦✉332 ❡3 ❛❧✳✱ ✷✵✶✶✮✳ ❆ 2✉❜23❛♥3✐❛❧ ♣,♦♣♦,3✐♦♥ ♦❢ ,❡2♣♦♥❞❡♥32✱ ♠✐2✉♥✲
❞❡,23❛♥❞✐♥❣ ♦, ♠✐23,✉23✐♥❣ 3❤❡ ❘❘❚✱ ♠❛② ♥♦3 ❝♦♠♣❧② ✇✐3❤ 3❤❡ ❘❘❚ ✐♥23,✉❝3✐♦♥2
♦, ♠❛② ,❡❢✉2❡ 3♦ ,❡♣❧②✳ ❙✐♥❝❡ ❜♦3❤ 3②♣❡2 ♦❢ ,❡2♣♦♥❞❡♥32✕3❤♦2❡ ✇❤♦ ❞✐❞ ❝♦♠♠✐3
3❤❡ 2❡♥2✐3✐✈❡ ❜❡❤❛✈✐♦, ❛2 ✇❡❧❧ ❛2 3❤♦2❡ ✇❤♦ ❞✐❞ ♥♦$✕❝❛♥ ✐♥3,♦❞✉❝❡ 2❡❧❢✲♣,♦3❡❝3✐✈❡
,❡2♣♦♥2❡ ❜✐❛2 ✐♥ 3❤❡ ❘❘❚✱ 3❤❡ ♦✈❡,❛❧❧ ♣♦3❡♥3✐❛❧ ❢♦, 2♦❝✐❛❧✲❞❡2✐,❛❜✐❧✐3② ❜✐❛2 ✐2 ❡✈❡♥
❤✐❣❤❡, 3❤❛♥ ❢♦, ❞✐,❡❝3 7✉❡23✐♦♥✐♥❣✳ ❋♦, ❡①❛♠♣❧❡✱ ✐♥ 3❤❡ ❢♦,❝❡❞✲❝❤♦✐❝❡ ❞❡2✐❣♥✱ ❜♦3❤
3②♣❡2 ♦❢ ,❡2♣♦♥❞❡♥32 ❛,❡ 3❡♠♣3❡❞ 3♦ ❞❡✈✐❛3❡ ❢,♦♠ 3❤❡ ❘❘❚ ♣,♦3♦❝♦❧ ❛♥❞ ♣,♦✈✐❞❡ ❛
2❡❧❢✲♣,♦3❡❝3✐✈❡ ✏♥♦✑ ❛♥2✇❡, ❡✈❡♥ ✐❢ 3❤❡ ♦✉3❝♦♠❡ ♦❢ 3❤❡ ,❛♥❞♦♠✐③❛3✐♦♥ ❞❡✈✐❝❡ ,❡7✉✐,❡2
3❤❡♠ 3♦ 2❛② ✏②❡2✑✳ ❆ ❢✉,3❤❡, ♣,♦❜❧❡♠ ♦❢ 3❤❡ ❘❘❚ ✐2 3❤❛3 ❛ ,❛♥❞♦♠✐③❛3✐♦♥ ❞❡✈✐❝❡ ❤❛2
✸✳ ❋♦$ ❡①❛♠♣❧❡✱ ❛ ❝♦♠♠♦♥ ♠✐/✉♥❞❡$/2❛♥❞✐♥❣ ✐♥ ❲❛$♥❡$✬/ ♠♦❞❡❧ ✐/ 2❤❛2 2❤❡ 2$✉2❤ ✐/ $❡✈❡❛❧❡❞ ✇✐2❤
❛ ❝❡$2❛✐♥ ♣$♦❜❛❜✐❧✐2② ✭❲❛$♥❡$✱ ✶✾✽✻✱ ♣✳ ✹✹✶✮✿ ✏❋♦$ 2❤♦/❡ ♥♦2 ❢❛♠✐❧✐❛$ ✇✐2❤ ♣$♦❜❛❜✐❧✐2②✱ $❡E✉✐$✐♥❣
2❤❡ ✬❛❝2✉❛❧ ❛♥/✇❡$✬ ♦$ ✬❛❝2✉❛❧ ✈❛❧✉❡✬ 2♦ ❜❡ $❡♣♦$2❡❞ ✇✐2❤ ♣$♦❜❛❜✐❧✐2② P ♠❛② ❜❡ ♠✐/✐♥2❡$♣$❡2❡❞ ❛/
$❡E✉✐$✐♥❣ 2❤❛2 2❤❡ /❡❝$❡2 ✇❤✐❝❤ 2❤❡ ✐♥2❡$✈✐❡✇❡❡ ✇✐/❤❡/ 2♦ ❤✐❞❡ ✇✐❧❧ ❜❡ $❡✈❡❛❧❡❞ ✇✐2❤ ♣$♦❜❛❜✐❧✐2②
P ✳✑ ❆♥♦2❤❡$ ❞✐✣❝✉❧2② ✐/ 2❤❡ ♦❝❝✉$$❡♥❝❡ ♦❢ ❞♦✉❜❧❡ ♥❡❣❛2✐✈❡/ ✐♥ ❲❛$♥❡$✬/ ❘❘❚ /❝❤❡♠❡ ✭❡✳❣✳✱ ❡①❛♠
❝❤❡❛2❡$/ ✇❤♦ ❤❛✈❡ 2♦ ❛♥/✇❡$ ✏♥♦✑ 2♦ ✏■ ❤❛✈❡ ♥❡✈❡$ ❝❤❡❛2❡❞ ♦♥ ❛ ✇$✐22❡♥ 2❡/2✑✮✳ ❉♦✉❜❧❡ ♥❡❣❛2✐♦♥/
✐♥❝$❡❛/❡ 2❤❡ ❝♦❣♥✐2✐✈❡ ❜✉$❞❡♥ ❢♦$ $❡/♣♦♥❞❡♥2/ ❛♥❞ ❧❡❛❞ 2♦ ❡$$♦♥❡♦✉/ ❛♥/✇❡$/✳
✶✶✶
 ♦ ❜❡ ❡♠♣❧♦②❡❞ ✭❝♦✐♥-✱ ❞✐❝❡✱ ❝♦❧♦/❡❞ ♠❛/❜❧❡-✱ ❡ ❝✳❀ ❢♦/ ❛ ❧✐- ✱ -❡❡ ▲❡♥-✈❡❧ ✲▼✉❧❞❡/-
❡ ❛❧✳✱ ✷✵✵✺✱ ♣✳ ✸✸✺✮✳ ❚❤✐- ✐♠♣♦-❡- ❛♥ ❛❞❞✐ ✐♦♥❛❧ ❜✉/❞❡♥ ♦♥  ❤❡ /❡-♣♦♥❞❡♥ - ❛♥❞✱
❡-♣❡❝✐❛❧❧② ✐♥ -❡❧❢✲❛❞♠✐♥✐- ❡/❡❞ ♠♦❞❡-✱ /❡-♣♦♥❞❡♥ - ♠❛② ❝❤♦♦-❡  ♦ -❦✐♣ /❛♥❞♦♠✐③❛✲
 ✐♦♥ ♦/ ❡✈❡♥ ❜/❡❛❦ ♦✛  ❤❡ ✐♥ ❡/✈✐❡✇✳ ❋✐♥❛❧❧②✱ ❡① ❡♥-✐✈❡ ✐♥ ❡/✈✐❡✇❡/  /❛✐♥✐♥❣ ✭✇❤❡♥
 ❤❡ -✉/✈❡② ✐- ❜❡✐♥❣ ❛❞♠✐♥✐- ❡/❡❞ ❜② ❛♥ ✐♥ ❡/✈✐❡✇❡/✮ ❛♥❞ -♦♣❤✐- ✐❝❛ ❡❞ ✐♥- /✉❝ ✐♦♥-
✭✇❤❡♥  ❤❡ -✉/✈❡② ✐- -❡❧❢✲❛❞♠✐♥✐- ❡/❡❞✮ ❛/❡ /❡G✉✐/❡❞  ♦ ❣❛✐♥ /❡-♣♦♥❞❡♥ -✬  /✉- ❛♥❞
❛✈♦✐❞ ♠✐-✉♥❞❡/- ❛♥❞✐♥❣ ♦❢  ❤❡ ❘❘❚ ♣/♦❝❡❞✉/❡✳ ❚❤✐- /❡G✉✐/❡- ❡① /❛ ♣/❡ ❡- ✐♥❣ ❛♥❞
✐♥❝/❡❛-❡-  ❤❡ ❝♦- - ♦❢ ❞❛ ❛ ❝♦❧❧❡❝ ✐♦♥✳
✹✳✶✳✷ ❚❤❡ '(✐❛♥❣✉❧❛( ♠♦❞❡❧ ❛♥❞ '❤❡ ❝(♦33✇✐3❡ ♠♦❞❡❧
❚♦ ❛❞❞/❡--  ❤❡ ♣/♦❜❧❡♠ ♦❢ -❡❧❢✲♣/♦ ❡❝ ✐✈❡ /❡-♣♦♥-❡ ❜✐❛-✱ - ❛ ✐- ✐❝❛❧ ♠❡ ❤♦❞- ❤❛✈❡ ❜❡❡♥
♣/♦♣♦-❡❞  ♦ ❡- ✐♠❛ ❡  ❤❡ ♣/♦♣♦/ ✐♦♥ ♦❢ /❡-♣♦♥❞❡♥ - ✇❤♦ ❞♦ ♥♦ ❝♦♠♣❧② ✇✐ ❤  ❤❡ ❘❘❚
✐♥- /✉❝ ✐♦♥- ❛♥❞  ♦ ❝♦//❡❝  ❤❡ ❘❘❚ ❡- ✐♠❛ ❡- ❛❝❝♦/❞✐♥❣❧② ✭❖- ❛♣❝③✉❦ ❡ ❛❧✳✱ ✷✵✵✾✮✳
❆❧ ❡/♥❛ ✐✈❡❧②✱ ❨✉ ❡ ❛❧✳ ✭✷✵✵✽✮ /❡❝❡♥ ❧② ♣/♦♣♦-❡❞  ✇♦ ♥❡✇ ❞❛ ❛✲❝♦❧❧❡❝ ✐♦♥ ♠❡ ❤♦❞-✱
 ❤❡  /✐❛♥❣✉❧❛/ ♠♦❞❡❧ ✭❚▼✮ ❛♥❞  ❤❡ ❝/♦--✇✐-❡ ♠♦❞❡❧ ✭❈▼✮✱ ✇❤✐❝❤ ♠❛② ♦✈❡/❝♦♠❡
-♦♠❡ ♦❢  ❤❡ ❞/❛✇❜❛❝❦- ♦❢  ❤❡ ❘❘❚✳ ❆❝❝♦/❞✐♥❣  ♦ ✭❨✉ ❡ ❛❧✳✱ ✷✵✵✽✱ ♣♣✳ ✷✻✶✲✻✷✮✱
 ❤❡  ✇♦ ♠♦❞❡❧- ❛/❡ ❛  /❛❝ ✐✈❡ ❢♦/ ❜♦ ❤ ❢❛❝❡✲ ♦✲❢❛❝❡ ❛♥❞ -❡❧❢✲❛❞♠✐♥✐- ❡/❡❞ ✐♥ ❡/✈✐❡✇-
❜❡❝❛✉-❡ ♥♦ /❛♥❞♦♠✐③❛ ✐♦♥ ❞❡✈✐❝❡ ✐- /❡G✉✐/❡❞ ❛♥❞  ❤❡ ♣/❛❝ ✐❝❛❧ ✐♠♣❧❡♠❡♥ ❛ ✐♦♥ ✐- ❧❡--
❝♦♠♣❧❡①  ❤❛♥ ❢♦/  ❤❡ ❘❘❚✳ ❆ ❢✉/ ❤❡/ ❛❞✈❛♥ ❛❣❡ ✐-  ❤❛ ♥♦♥❡ ♦❢  ❤❡ /❡-♣♦♥❞❡♥ - ❤❛-
 ♦ ❛♥-✇❡/  ❤❡ -❡♥-✐ ✐✈❡ G✉❡- ✐♦♥- ❞✐/❡❝ ❧②✳ ■♥ ❝♦♥ /❛- ✱ ❘❘❚ -❝❤❡♠❡- /❡G✉✐/❡ ❛ ❧❡❛- 
-♦♠❡ ♦❢  ❤❡ /❡-♣♦♥❞❡♥ -  ♦ ♣/♦✈✐❞❡ ❛ ❞✐/❡❝ ❛♥-✇❡/  ♦  ❤❡ -❡♥-✐ ✐✈❡ G✉❡- ✐♦♥✳
❇♦ ❤  ❡❝❤♥✐G✉❡-✱  ❤❡ ❚▼ ❛♥❞  ❤❡ ❈▼✱ ❛/❡ ❜❛-❡❞ ♦♥ ❛ -✐♠♣❧❡ ✐❞❡❛ ✭❨✉ ❡ ❛❧✳✱ ✷✵✵✽✱
♣♣✳ ✷✺✹✕✺✺✮✿ ❘❡-♣♦♥❞❡♥ - ❛/❡ ❡①♣♦-❡❞  ♦  ✇♦ G✉❡- ✐♦♥-✱ ❛ -❡♥-✐ ✐✈❡ ♦♥❡ ❛♥❞ ❛ ♥♦♥✲
-❡♥-✐ ✐✈❡ ♦♥❡✱ ❛♥❞ ❛/❡ ❛-❦❡❞  ♦ ♣/♦✈✐❞❡ ❛ ❥♦✐♥ ❛♥-✇❡/  ♦ ❜♦ ❤ G✉❡- ✐♦♥-✳ ▲❡ X ❜❡
 ❤❡ -❡♥-✐ ✐✈❡ ✈❛/✐❛❜❧❡ ♦❢ ✐♥ ❡/❡- ✳ X ✐- ❡G✉❛❧  ♦ ✶ ✐❢  ❤❡ -❡♥-✐ ✐✈❡ ❜❡❤❛✈✐♦/ ❛♣♣❧✐❡-✱
❡✳❣✳✱ ✐❢  ❤❡ /❡-♣♦♥❞❡♥ ❝❤❡❛ ❡❞ ♦♥ ❛♥ ❡①❛♠✱ ❛♥❞ ✵ ♦ ❤❡/✇✐-❡✳ ❋✉/ ❤❡/♠♦/❡✱ ❧❡ Y
❜❡ ❛ ♥♦♥✲-❡♥-✐ ✐✈❡ ✈❛/✐❛❜❧❡  ❤❛ ✐- ✉♥/❡❧❛ ❡❞  ♦ X ❛♥❞ ❢♦/ ✇❤✐❝❤  ❤❡ ♣/♦❜❛❜✐❧✐ ②
❞✐- /✐❜✉ ✐♦♥ ✐- ❦♥♦✇♥✳ ❋♦/ ❡①❛♠♣❧❡✱ ❧❡ Y ❜❡ ❡G✉❛❧  ♦ ✶ ❢♦/ ♣❡♦♣❧❡ ❜♦/♥ ✐♥ ❖❝ ♦❜❡/✱
◆♦✈❡♠❜❡/✱ ♦/ ❉❡❝❡♠❜❡/✱ ❛♥❞ ✵ ♦ ❤❡/✇✐-❡✳ ❘❡-♣♦♥❞❡♥ - ❛/❡  ❤❡♥ ❛-❦❡❞  ♦ ♣/♦✈✐❞❡ ❛
❥♦✐♥ ❛♥-✇❡/ ❢♦/ X ❛♥❞ Y ❜② ❝❤♦♦-✐♥❣ ♦♥❡ ♦❢  ✇♦ /❡-♣♦♥-❡ ♦♣ ✐♦♥-✱ ❡✐ ❤❡/ A ♦/ B✱
❛❝❝♦/❞✐♥❣  ♦ ❛ -♣❡❝✐✜❝ /✉❧❡✳
■♥  ❤❡  /✐❛♥❣✉❧❛/ ♠♦❞❡❧ ✭❚▼✮✱ /❡-♣♦♥❞❡♥ - ❝❤♦♦-❡ ♦♣ ✐♦♥ A ✐❢  ❤❡ ❛♥-✇❡/ ✐- ✏♥♦✑
 ♦ ❜♦ ❤ G✉❡- ✐♦♥- ❛♥❞ ♦♣ ✐♦♥ B ✐❢ ❛ ❧❡❛- ♦♥❡ ❛♥-✇❡/ ✐- ✏②❡-✑✳ ❍❡♥❝❡✱ ♦♣ ✐♦♥ A
/❡❢❡/-  ♦  ❤❡ -✉❜❣/♦✉♣ ♦❢ ✏✐♥♥♦❝❡♥ ✑ /❡-♣♦♥❞❡♥ - ✇❤♦ ❞✐❞ ♥♦ ❝❤❡❛ ♦♥ ❛♥ ❡①❛♠ ❛♥❞
✇❡/❡ ❜♦/♥ ❜❡ ✇❡❡♥ ❏❛♥✉❛/② ❛♥❞ ❙❡♣ ❡♠❜❡/✳ ❖♣ ✐♦♥ B✱ ♦♥  ❤❡ ♦ ❤❡/ ❤❛♥❞✱ ❛♣♣❧✐❡-
 ♦ /❡-♣♦♥❞❡♥ - ✇❤♦ ❡✐ ❤❡/ ❝❤❡❛ ❡❞ ♦/ ✇❡/❡ ❜♦/♥ ❜❡ ✇❡❡♥ ❖❝ ♦❜❡/ ❛♥❞ ❉❡❝❡♠❜❡/
✶✶✷
✭♦" ❜♦$❤✮✳ ❋♦"♠❛❧❧②✱ A "❡❢❡"0 $♦ 0✉❜❣"♦✉♣ X = 0 ∩ Y = 0✱ ✇❤❡"❡❛0 B "❡❢❡"0 $♦
0✉❜❣"♦✉♣ X = 1 ∩ Y = 1 ∪ X = 1 ∩ Y = 0 ∪ X = 0 ∩ Y = 1✳ ❇❡❝❛✉0❡ $❤❡ ❧❛$$❡"
❝♦♥$❛✐♥0 ❛ ♠✐①$✉"❡ ♦❢ ✏✐♥♥♦❝❡♥$✑ ❛♥❞ ✏❣✉✐❧$②✑ "❡0♣♦♥❞❡♥$0✱ ❝❤♦♦0✐♥❣ ♦♣$✐♦♥ B ❝❛♥♥♦$
❜❡ ✐♥$❡"♣"❡$❡❞ ❛0 ❛♥ ❛❞♠✐00✐♦♥ ♦❢ ❣✉✐❧$✳ ❨✉ ❡$ ❛❧✳ ✭✷✵✵✽✮ ❝♦♥❥❡❝$✉"❡ $❤❛$ "❡0♣♦♥❞❡♥$0
✉♥❞❡"0$❛♥❞ $❤❡ ❛♥♦♥②♠✐$② $❤❡ ❞❡0✐❣♥ ❣❡♥❡"❛$❡0 ❛♥❞ ❛"❡ $❤❡"❡❢♦"❡ ♠♦"❡ ✇✐❧❧✐♥❣ $♦
♣"♦✈✐❞❡ ❤♦♥❡0$ ❛♥0✇❡"0✳ ❍♦✇❡✈❡"✱ 0✐♠✐❧❛" $♦ $❤❡ ❢♦"❝❡❞✲❝❤♦✐❝❡ ❘❘❚✱ ❛♥ ♦❜✈✐♦✉0 0❡❧❢✲
♣"♦$❡❝$✐✈❡ ❛♥0✇❡" 0$"❛$❡❣② ❡①✐0$0 ❢♦" $❤❡ ❚▼✿ ❈❤♦♦0✐♥❣ ♦♣$✐♦♥ A ✉♥❛♠❜✐❣✉♦✉0❧②
✐♥❞✐❝❛$❡0 $❤❛$ $❤❡ ✐♥❞✐✈✐❞✉❛❧ ❞✐❞ ♥♦$ ❡♥❣❛❣❡ ✐♥ $❤❡ 0❡♥0✐$✐✈❡ ❜❡❤❛✈✐♦"✳ ❖♣$✐♦♥ A
✐0 $❤❡"❡❢♦"❡ $❤❡ ❞♦♠✐♥❛♥$ 0$"❛$❡❣② ❢♦" "❡0♣♦♥❞❡♥$0 ✇❤♦ ❞♦ ♥♦$ ✇❛♥$ $♦ ❤❛✈❡ ❛♥②
❛00♦❝✐❛$✐♦♥ ✇✐$❤ $❤❡ 0❡♥0✐$✐✈❡ ❜❡❤❛✈✐♦"✳
❚❤❡ ❝"♦00✇✐0❡ ♠♦❞❡❧ ✭❈▼✮ ♠✐❣❤$ ♦✈❡"❝♦♠❡ $❤✐0 ❞"❛✇❜❛❝❦✳ ❚❤❡ "❡0♣♦♥0❡ "✉❧❡ ❢♦" $❤❡
❈▼ ✐0 $♦ ❝❤♦♦0❡ ♦♣$✐♦♥ A ✐❢ $❤❡ ❛♥0✇❡" ✐0 $❤❡ 0❛♠❡ ❢♦" ❜♦$❤ L✉❡0$✐♦♥0 ✭❜♦$❤ ✏②❡0✑ ♦"
❜♦$❤ ✏♥♦✑✮ ❛♥❞ ♦♣$✐♦♥ B ✐❢ ♦♥❡ ❛♥0✇❡" ✐0 ✏②❡0✑ ❛♥❞ $❤❡ ♦$❤❡" ✐0 ✏♥♦✑ ✭❢♦" ❡①❛♠♣❧❡✱ 0❡❡
♦✉" ✐♠♣❧❡♠❡♥$❛$✐♦♥ ♦❢ $❤❡ ❈▼ ✐♥ ❛♣♣❡♥❞✐① ❆✮✳ ❚❤❛$ ✐0✱ A ♥♦✇ "❡❢❡"0 $♦ 0✉❜❣"♦✉♣
X = 1 ∩ Y = 1 ∪ X = 0 ∩ Y = 0 ❛♥❞ B "❡❢❡"0 $♦ X = 1 ∩ Y = 0 ∪ X = 0 ∩ Y = 1✳
❙✐♥❝❡ ❜♦$❤ ❣"♦✉♣0 ❝♦♥$❛✐♥ ❛ ♠✐①$✉"❡ ♦❢ ✏❣✉✐❧$②✑ ❛♥❞ ✏✐♥♥♦❝❡♥$✑ "❡0♣♦♥❞❡♥$0✱ $❤❡"❡ ✐0
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❙✇✐## ✉♥✐✈❡-#✐&② #&✉❞❡♥&#✳ ❚❤❡ E✉❡#&✐♦♥♥❛✐-❡# ✇❡-❡ ❞✐#&-✐❜✉&❡❞ ✐♥ ❧❡❝&✉-❡# ❛& &❤❡
❯♥✐✈❡-#✐&② ♦❢ ▲❡✐♣③✐❣ ✭n = 273✮✱ &❤❡ ❊❚❍ ❩✉-✐❝❤ ✭n = 111✮✱ ❛♥❞ &❤❡ ▲▼❯ ▼✉♥✐❝❤
✭n = 90✮✳ ■♥ ❡❛❝❤ ❝❧❛##✱ #&✉❞❡♥&# ✇❡-❡ -❛♥❞♦♠❧② ❛##✐❣♥❡❞ &♦ ♦♥❡ ♦❢ &✇♦ ❡①♣❡-✐♠❡♥&❛❧
❝♦♥❞✐&✐♦♥#✱ ✉#✐♥❣ ❛ -❛&✐♦ ♦❢ ✸ ❢♦- &❤❡ ❈▼ ✭n = 358✮ &♦ ✶ ❢♦- ❞✐-❡❝& E✉❡#&✐♦♥✐♥❣
✭n = 116✮✳✻ ❚❤❡ ❈▼ ✇❛# ♦✈❡-#❛♠♣❧❡❞ ❜❡❝❛✉#❡ ✐& ❤❛# ❧♦✇❡- #&❛&✐#&✐❝❛❧ ♣♦✇❡- &❤❛♥
❞✐-❡❝& E✉❡#&✐♦♥✐♥❣✳ ❆ χ2✲&❡#& ♦❢ ✐♥❞❡♣❡♥❞❡♥❝❡ ❜❡&✇❡❡♥ ❡①♣❡-✐♠❡♥&❛❧ ❝♦♥❞✐&✐♦♥ ❛♥❞
✺✳❆❢$❡& ❞❡✈❡❧♦♣✐♥❣ ❛ ✜&1$ ✈❡&1✐♦♥ ♦❢ $❤❡ 3✉❡1$✐♦♥1 ❛♥❞ $❤❡ ❈▼ ✐♥1$&✉❝$✐♦♥1✱ ✇❡ ♣&❡1❡♥$❡❞
$❤❡ 3✉❡1$✐♦♥♥❛✐&❡ $♦ &❡1❡❛&❝❤ ❝♦❧❧❡❛❣✉❡1 ❛$ ♦✉& ✉♥✐✈❡&1✐$✐❡1 ✭❛❧❧ ❡①♣❡&✐❡♥❝❡❞ 1♦❝✐❛❧ 1❝✐❡♥$✐1$1 ❛♥❞
1✉&✈❡② &❡1❡❛&❝❤❡&1✮✳ ❇❛1❡❞ ♦♥ $❤❡1❡ ❡①♣❡&$ &❡✈✐❡✇1✱ $❤❡ ❈▼ ✐♥1$&✉❝$✐♦♥1 ✇❡&❡ 1✐♠♣❧✐✜❡❞ ❛♥❞
❛♠❜✐❣✉♦✉1 ❢♦&♠✉❧❛$✐♦♥1 ✇❡&❡ ❝❧❛&✐✜❡❞✳ ◆❡①$✱ ✇❡ ♣❡&❢♦&♠❡❞ ❝♦❣♥✐$✐✈❡ ✐♥$❡&✈✐❡✇1 ✇✐$❤ ❛ ❝♦♥✈❡♥✐❡♥❝❡
1❛♠♣❧❡ ♦❢ ✶✵ ✉♥❞❡&❣&❛❞✉❛$❡ 1$✉❞❡♥$1 ❢&♦♠ $❤❡ ❯♥✐✈❡&1✐$② ♦❢ ▲❡✐♣③✐❣ ✭1❡✈❡♥ 1$✉❞❡♥$1 ❢♦& $❤❡ ❈▼
✈❡&1✐♦♥ ♦❢ $❤❡ 3✉❡1$✐♦♥♥❛✐&❡✱ $❤&❡❡ 1$✉❞❡♥$1 ❢♦& $❤❡ ❞✐&❡❝$✲3✉❡1$✐♦♥✐♥❣ ✈❡&1✐♦♥✮✳ ❘❡$&♦1♣❡❝$✐✈❡✲
$❤✐♥❦✲❛❧♦✉❞ ✇❛1 ✉1❡❞ $♦ ❡✈❛❧✉❛$❡ $❤❡ 3✉❡1$✐♦♥♥❛✐&❡1❀ $❤❛$ ✐1✱ ❛❢$❡& ❡❛❝❤ ❜❧♦❝❦ ♦❢ 3✉❡1$✐♦♥1 ✭1♦❝✐♦✲
❞❡♠♦❣&❛♣❤✐❝ ✈❛&✐❛❜❧❡1✱ ❣❡♥❡&❛❧ 3✉❡1$✐♦♥1 ❛❜♦✉$ ✇&✐$✐♥❣ ❛♥ ❛11✐❣♥♠❡♥$✱ $❤❡ 1❡♥1✐$✐✈❡ 3✉❡1$✐♦♥1✮✱ $❤❡
&❡1♣♦♥❞❡♥$1 ✇❡&❡ ❛1❦❡❞ $♦ ✈❡&❜❛❧✐③❡ $❤❡✐& $❤♦✉❣❤$1✳ ❋♦& $❤❡ ❛11❡11♠❡♥$ ♦❢ $❤❡ ❈▼ ✐♥1$&✉❝$✐♦♥1✱ ✇❡
❢♦❝✉1❡❞ ♦♥ ✭✶✮ ✇❤❡$❤❡& &❡1♣♦♥❞❡♥$1 ✉♥❞❡&1$♦♦❞ $❤❡ ✐♥1$&✉❝$✐♦♥1 ❛♥❞ ✇❡&❡ ❛❜❧❡ $♦ ❛♣♣❧② $❤❡♠ $♦
$❤❡ 1♣❡❝✐✜❝ 3✉❡1$✐♦♥✲❛♥❞✲❛♥1✇❡& $❛1❦❀ ❛♥❞ ✭✷✮ ✇❤❡$❤❡& &❡1♣♦♥❞❡♥$1 $&✉1$❡❞ $❤❡ ♣&✐✈❛❝② ♣&♦$❡❝$✐♦♥✳
◆♦♥❡ ♦❢ $❤❡ &❡1♣♦♥❞❡♥$1 1❤♦✇❡❞ ♥♦$❛❜❧❡ ❞✐✣❝✉❧$✐❡1 ✇✐$❤ &❡1♣❡❝$ $♦ $❤❡ ✜&1$ ❝&✐$❡&✐♦♥✳ ❍♦✇❡✈❡&✱
❢♦✉& &❡1♣♦♥❞❡♥$1 ❡①♣&❡11❡❞ ♠✐1$&✉1$ &❡❣❛&❞✐♥❣ $❤❡ ♣&✐✈❛❝② ♣&♦$❡❝$✐♦♥✳ ❋♦❧❧♦✇✲✉♣ 3✉❡1$✐♦♥1 ✐♥
✇❤✐❝❤ ✇❡ ❛1❦❡❞ $❤❡ &❡1♣♦♥❞❡♥$1 $♦ 1♣❡❝✐❢② $❤❡✐& ❝♦♥❝❡&♥1 &❡✈❡❛❧❡❞ $❤❛$ ❛ 1❡♥$❡♥❝❡ ❝♦♥$❛✐♥✐♥❣ ❛
1$❛$❡♠❡♥$ ❛❜♦✉$ $❤❡ ✉1❡ ♦❢ $❤❡ ✏❦♥♦✇♥ ❜✐&$❤❞❛② ❞✐1$&✐❜✉$✐♦♥✑ ❢♦& ❝♦♠♣✉$✐♥❣ $❤❡ ♣&❡✈❛❧❡♥❝❡ &❛$❡
✇❛1 &❡1♣♦♥1✐❜❧❡ ❢♦& $❤❡ ♠✐1$&✉1$✳ ❚❤❡ 1$❛$❡♠❡♥$ 1✉❣❣❡1$❡❞ $❤❛$ 1♦♠❡$❤✐♥❣ ❝♦✉❧❞ ❜❡ ✏❦♥♦✇♥✱✑ $❤✉1
&❡❞✉❝✐♥❣ $❤❡ ♣❡&❝❡✐✈❡❞ ❛♥♦♥②♠✐$②✳ ❚♦ ❛✈♦✐❞ $❤✐1✱ ✇❡ &❡♠♦✈❡❞ $❤❡ 1$❛$❡♠❡♥$ ❢&♦♠ $❤❡ ✐♥1$&✉❝$✐♦♥1✳
✻✳ ❚❤❡ ❝❧❛11&♦♦♠ 1❡$$✐♥❣ ❢❛❝✐❧✐$❛$❡❞ ❝♦♦♣❡&❛$✐♦♥✳ ❲❡ ❞✐❞ ♥♦$ ❡♥❝♦✉♥$❡& ❛♥② ♦♣❡♥ ♦❜❥❡❝$✐♦♥1 $♦
$❤❡ 1✉&✈❡②✱ ❛♥❞ ♥♦ ❡♠♣$② 3✉❡1$✐♦♥♥❛✐&❡1 ✇❡&❡ &❡$✉&♥❡❞✳ ✭❚♦ ♠♦$✐✈❛$❡ ♣❛&$✐❝✐♣❛$✐♦♥✱ $❤❡ 1❝✐❡♥$✐✜❝
✶✶✻
❚❛❜❧❡ ✹✳✶✿ ❋*❡+✉❡♥❝② ❉✐23*✐❜✉3✐♦♥2 ❢♦* ❆❣❡✱ ❙❡①✱ ❛♥❞ ◆❛3✐♦♥❛❧✐3② ❜② ❊①♣❡*✐♠❡♥3❛❧
❈♦♥❞✐3✐♦♥
❊①♣❡*✐♠❡♥3❛❧ ❈♦♥❞✐3✐♦♥
❉✐*❡❝3 ◗✉❡23✐♦♥✐♥❣ ❉✐*❡❝3 ◗✉❡23✐♦♥✐♥❣ ❈❤✐✲❙+✉❛*❡❞
❆❣❡
✶✽ 3♦ ✷✷ ✹✾✳✺✪ ✹✾✳✺✪ ✶✳✸✶
✷✸ 3♦ ✷✼ ✹✹✳✷✪ ✹✵✳✺✪ ✭p =✵✳✺✷✶✮
✷✽ ♦* ♦❧❞❡* ✻✳✸✪ ✶✵✳✵✪
❙❡①
❋❡♠❛❧❡ ✺✻✳✼✪ ✺✵✳✸✪ ✶✳✷✵
▼❛❧❡ ✹✸✳✸✪ ✹✾✳✼✪ ✭p =✵✳✷✼✸✮
◆❛3✐♦♥❛❧✐3②
●❡*♠❛♥ ♦* ❙✇✐22 ✾✺✳✾✪ ✾✷✳✾✪ ✶✳✵✾
❖3❤❡* ✹✳✶✪ ✼✳✶✪ ✭p =✵✳✷✾✻✮
✉♥✐✈❡*2✐3② ❝♦♥✜*♠2 3❤❡ ♥✉❧❧ ❤②♣♦3❤❡2✐2 ✭χ2 = 0.094✱ p = 0.954✮✳ ◆❡3 ♦❢ 3❤❡ 23✉❞❡♥32
✇❤♦ ❞✐❞ ♥♦3 ✇*✐3❡ ❛♥② ♣❛♣❡*2 ②❡3 ❛♥❞ ♥❡3 ♦❢ ✐3❡♠ ♥♦♥✲*❡2♣♦♥2❡✱ ✇❤✐❝❤ ✇❛2 ❛2 ❧♦✇
❛2 ✶ ♣❡*❝❡♥3 ❢♦* ❜♦3❤ ❡①♣❡*✐♠❡♥3❛❧ ❝♦♥❞✐3✐♦♥2 ✭✶ ♠✐22✐♥❣ ✈❛❧✉❡ ❢♦* ❡❛❝❤ ✐3❡♠ ✐♥ 3❤❡
❞✐*❡❝3✲+✉❡23✐♦♥✐♥❣ ❝♦♥❞✐3✐♦♥ ❛♥❞ ✸ ♠✐22✐♥❣ ✈❛❧✉❡2 ❢♦* ❡❛❝❤ ✐3❡♠ ✐♥ 3❤❡ ❈▼✮✱ 3❤❡*❡ ❛*❡
✸✶✵ ✈❛❧✐❞ ♦❜2❡*✈❛3✐♦♥2 ❢♦* 3❤❡ ❈▼ ❛♥❞ ✾✻ ✈❛❧✐❞ ♦❜2❡*✈❛3✐♦♥2 ❢♦* ❞✐*❡❝3 +✉❡23✐♦♥✐♥❣✳
✼
❚❛❜❧❡ ✹✳✶ ❞✐2♣❧❛②2 3❤❡ ❞✐23*✐❜✉3✐♦♥ ♦❢ 2♦♠❡ 2♦❝✐♦✲❞❡♠♦❣*❛♣❤✐❝ ❝❤❛*❛❝3❡*✐23✐❝2 ♦❢ 3❤❡2❡
*❡2♣♦♥❞❡♥32✳ ❚❤❡ ❛✈❡*❛❣❡ ❛❣❡ ♦❢ 3❤❡ ♣❛*3✐❝✐♣❛♥32 ✇❛2 ✷✸✳✷ ②❡❛*2✱ ❛♥❞ ❛❜♦✉3 ❤❛❧❢ ♦❢
3❤❡♠ ✇❡*❡ ❢❡♠❛❧❡ ✭✺✶✳✽ ♣❡*❝❡♥3 ♦✈❡*❛❧❧✮✳ ❚❤❡ ♥❛3✐♦♥❛❧✐3② ♦❢ 3❤❡ ✈❛23 ♠❛❥♦*✐3② ♦❢
*❡2♣♦♥❞❡♥32 ✇❛2 ●❡*♠❛♥ ♦* ❙✇✐22 ✭✾✸✳✻ ♣❡*❝❡♥3✮✳ χ2✲3❡232 ♦❢ ✐♥❞❡♣❡♥❞❡♥❝❡ ♣*♦✈✐❞❡
♥♦ ❡✈✐❞❡♥❝❡ ❢♦* 2②23❡♠❛3✐❝ ❞✐✛❡*❡♥❝❡2 ✐♥ 3❤❡ ❞✐23*✐❜✉3✐♦♥2 ♦❢ 3❤❡ 2♦❝✐♦✲❞❡♠♦❣*❛♣❤✐❝
❝❤❛*❛❝3❡*✐23✐❝2 ❜❡3✇❡❡♥ 3❤❡ 3✇♦ ❡①♣❡*✐♠❡♥3❛❧ ❝♦♥❞✐3✐♦♥2✳
❝❤❛#❛❝$❡# ♦❢ $❤❡ ($✉❞② ✇❛( ❡♠♣❤❛(✐③❡❞ ❛♥❞✱ ♠♦#❡ ✐♠♣♦#$❛♥$❧②✱ $❤❡ ($✉❞❡♥$( ✇❡#❡ ❣✐✈❡♥ $✐♠❡ $♦
❝♦♠♣❧❡$❡ $❤❡ 6✉❡($✐♦♥♥❛✐#❡✳ ◆♦ ♠♦♥❡$❛#② ✐♥❝❡♥$✐✈❡( ✇❡#❡ ♣#♦✈✐❞❡❞✳✮ ◆♦♥❡$❤❡❧❡((✱ $❤❡ (❛♠♣❧❡
❝❛♥♥♦$ ❜❡ ❝♦♥(✐❞❡#❡❞ #❡♣#❡(❡♥$❛$✐✈❡ ♦❢ ❛♥② ✇❡❧❧✲❞❡✜♥❡❞ ♣♦♣✉❧❛$✐♦♥ ❜❡❝❛✉(❡ $❤❡ ❝❧❛((❡( ✇❡#❡ ♥♦$
#❛♥❞♦♠❧② (❡❧❡❝$❡❞ ❛♥❞ ♣#♦❜❛❜❧② ♥♦$ ❛❧❧ ❡♥#♦❧❧❡❞ ($✉❞❡♥$( ✇❡#❡ ♣#❡(❡♥$ ❛$ $❤❡ ❞❛② ♦❢ $❤❡ ❞❛$❛
❝♦❧❧❡❝$✐♦♥✳
✼✳ ❙✐①$②✲✜✈❡ ($✉❞❡♥$( ($❛$❡❞ $❤❛$ $❤❡② ❤❛❞ ♥♦$ ✇#✐$$❡♥ ❛♥② ♣❛♣❡#(✳ ❖♥❡ ♦❢ $❤❡♠ ♥♦♥❡$❤❡❧❡((
❝♦♠♣❧❡$❡❞ $❤❡ ❢♦❧❧♦✇✲✉♣ 6✉❡($✐♦♥( ❛♥❞ ❛❧(♦ ❣❛✈❡ ❛♥ ❛♥(✇❡# $♦ $❤❡ (❡♥(✐$✐✈❡ ✐$❡♠(✳ ❆((✉♠✐♥❣ $❤❛$
$❤✐( ($✉❞❡♥$ ❡##♦♥❡♦✉(❧② ❝❤❡❝❦❡❞ ❛ ✇#♦♥❣ ❛♥(✇❡# ✐♥ $❤❡ ✜❧$❡# 6✉❡($✐♦♥✱ ✇❡ ❞❡❝✐❞❡❞ $♦ ✐♥❝❧✉❞❡ $❤✐(
♦❜(❡#✈❛$✐♦♥ ✐♥ ♦✉# ❛♥❛❧②(❡(✳
✶✶✼
✹✳✹ ❘❡$✉❧'$
 !❡✈❛❧❡♥❝❡ ❡()✐♠❛)✐♦♥ ❢♦! ❞✐!❡❝) /✉❡()✐♦♥✐♥❣ ✐( ()!❛✐❣❤)❢♦!✇❛!❞✳ ❋♦! )❤❡ ❈▼✱ ❛♥
❡()✐♠❛)♦! ❝❛♥ ❜❡ ❞❡!✐✈❡❞ ❛( ❢♦❧❧♦✇(✳ ▲❡) X ❞❡♥♦)❡ )❤❡ (❡♥(✐)✐✈❡ ✐)❡♠ ✇✐)❤ ✉♥❦♥♦✇♥
♣♦♣✉❧❛)✐♦♥ ♣!❡✈❛❧❡♥❝❡ π = Pr(X = 1)✳ ❋✉!)❤❡!♠♦!❡✱ ❧❡) Y ❜❡ )❤❡ ♥♦♥✲(❡♥(✐)✐✈❡ ✐)❡♠
✇✐)❤ ❦♥♦✇♥ ♣♦♣✉❧❛)✐♦♥ ♣!❡✈❛❧❡♥❝❡ p = Pr(Y = 1)✳ ■♥ ♦✉! ()✉❞②✱ p = 0.25✳ ●✐✈❡♥
)❤❛) X ❛♥❞ Y ❛!❡ ✉♥❝♦!!❡❧❛)❡❞✱ )❤❛) ✐(✱ Cov(X, Y ) = 0✱ )❤❡ ♣!♦❜❛❜✐❧✐)② ♦❢ ❛♥(✇❡!
♦♣)✐♦♥ A ✐♥ )❤❡ ❈▼ ✭X = 1 ❛♥❞ Y = 1 ♦!X = 0 ❛♥❞ Y = 0✮ ✐( φ = pπ+(1−p)(1−π)✳




, p 6= 0.5
✇❤❡#❡ φ̂ ✐% &❤❡ ♦❜%❡#✈❡❞ ♣#♦♣♦#&✐♦♥ ♦❢ #❡%♣♦♥❞❡♥&% ❝❤♦♦%✐♥❣ #❡%♣♦♥%❡ ♦♣&✐♦♥ A ✭✐✳❡✳✱
✏②❡%✑ &♦ ❜♦&❤ ♦# ✏♥♦✑ &♦ ❜♦&❤ &❤❡ %❡♥%✐&✐✈❡ ❛♥❞ &❤❡ ♥♦♥✲%❡♥%✐&✐✈❡ 8✉❡%&✐♦♥✮✳
✽
❋✉#✲











❚❤❡ ♣❧❛❣✐❛#✐%♠ ♣#❡✈❛❧❡♥❝❡ ❡%&✐♠❛&❡% ❛#❡ ♣#❡%❡♥&❡❞ ✐♥ ❚❛❜❧❡ ✹✳✷✳ ❋♦# &❤❡ ♣❛#&✐❛❧
♣❧❛❣✐❛#✐%♠ ✐&❡♠✱ ❛ %&❛&✐%&✐❝❛❧❧② %✐❣♥✐✜❝❛♥& ❞✐✛❡#❡♥❝❡ ♦❢ ❛❜♦✉& ✶✺ ♣❡#❝❡♥&❛❣❡ ♣♦✐♥&%
❝❛♥ ❜❡ ♦❜%❡#✈❡❞ ❜❡&✇❡❡♥ &❤❡ &✇♦ ♠❡❛%✉#❡♠❡♥& ♠❡&❤♦❞% ✭p = 0.014✮✳ ❆❝❝♦#❞✐♥❣ &♦
❞✐#❡❝& 8✉❡%&✐♦♥✐♥❣✱ &❤❡ ♣#❡✈❛❧❡♥❝❡ ♦❢ ♣❛#&✐❛❧ ♣❧❛❣✐❛#✐%♠ ✐% ✼✳✸ ♣❡#❝❡♥&✱ ❝♦♠♣❛#❡❞ &♦
✷✷✳✸ ♣❡#❝❡♥& ❢♦# &❤❡ ❈▼✳ ❋♦# ♣❛#&✐❛❧ ♣❧❛❣✐❛#✐%♠✱ ✇❡ ❝❛♥ &❤❡#❡❢♦#❡ ❝♦♥✜#♠ &❤❡ ❡①♣❡❝✲
&❛&✐♦♥ &❤❛& &❤❡ ❈▼ ②✐❡❧❞% ❤✐❣❤❡# ♣#❡✈❛❧❡♥❝❡ ❡%&✐♠❛&❡% &❤❛♥ ❞✐#❡❝& 8✉❡%&✐♦♥✐♥❣✳ ■♥
❝♦♥&#❛%&✱ ❤♦✇❡✈❡#✱ &❤❡ ❡%&✐♠❛&❡% ❢♦# %❡✈❡#❡ ♣❧❛❣✐❛#✐%♠ ❞♦ ♥♦& %❡❡♠ &♦ ❞✐✛❡# ❜❡&✇❡❡♥
&❤❡ &✇♦ ♠❡❛%✉#❡♠❡♥& ♠❡&❤♦❞%✳ ❚❤❡ ❡%&✐♠❛&❡% ❛#❡ ✶ ♣❡#❝❡♥& ❢♦# ❞✐#❡❝& 8✉❡%&✐♦♥✐♥❣
❛♥❞ ✶✳✻ ♣❡#❝❡♥& ❢♦# &❤❡ ❈▼✳ ❆❧&❤♦✉❣❤ &❤❡ ❞✐✛❡#❡♥❝❡ ✐% %✉❜%&❛♥&✐❛❧ ✐♥ #❡❧❛&✐✈❡ &❡#♠%✱
&❤❡ &✇♦ ❡%&✐♠❛&❡% ❝❛♥♥♦& ❜❡ ❞✐%&✐♥❣✉✐%❤❡❞ %&❛&✐%&✐❝❛❧❧② ❞✉❡ &♦ ❛ ❧❛❝❦ ♦❢ ♣#❡❝✐%✐♦♥ ✐♥
❡%&✐♠❛&✐♥❣ ♣#♦❜❛❜✐❧✐&✐❡% &❤❛& ❛#❡ ❝❧♦%❡ &♦ ✵ ✭♦# ✶✮✳ ❚❤✐% ✐% ❡%♣❡❝✐❛❧❧② &#✉❡ ❢♦# &❤❡
❈▼❢♦# ✇❤✐❝❤ &❤❡ %&❛♥❞❛#❞ ❡##♦# ❞❡❝#❡❛%❡% ♦♥❧② ♠❛#❣✐♥❛❧❧②✱ ❛% &❤❡ &❛#❣❡& ♣#♦❜❛❜✐❧✐&②
♠♦✈❡% &♦✇❛#❞ &❤❡ ❜♦✉♥❞❛#✐❡% ♦❢ &❤❡ ♣#♦❜❛❜✐❧✐&② %♣❛❝❡✳
■♥ ❛❞❞✐&✐♦♥ &♦ ♣#❡✈❛❧❡♥❝❡ ❡%&✐♠❛&✐♦♥✱ &❤❡ ❛♥❛❧②%✐% ♦❢ ❡✛❡❝&% ♦❢ ❝♦✈❛#✐❛&❡% ♦♥ &❤❡
♣#♦❜❛❜✐❧✐&② ♦❢ ♣❧❛❣✐❛#✐%♠ ♠❛② ❜❡ ♦❢ ✐♥&❡#❡%&✳ ❙&❛♥❞❛#❞ ❜✐♥❛#②✲#❡%♣♦♥%❡ ♠♦❞❡❧% ❝❛♥✲
♥♦& ❜❡ ✉%❡❞ &♦ ❛♥❛❧②③❡ ❈▼ ❞❛&❛ ❜❡❝❛✉%❡ &❤❡ ♦❜%❡#✈❡❞ #❡%♣♦♥%❡ ✐% ❛ ♠✐①&✉#❡ ♦❢ &❤❡
✈❛#✐❛❜❧❡ ♦❢ ✐♥&❡#❡%&✱ X✱ ❛♥❞ &❤❡ ❛✉①✐❧✐❛#② ✈❛#✐❛❜❧❡✱ Y ✳ ❍♦✇❡✈❡#✱%✐♥❝❡ &❤❡ ♣#♦❜❛❜✐❧✐&②
✽✳◆♦$❡ $❤❛$ $❤❡ ❈▼ ❡*$✐♠❛$♦- ✐* ❢♦-♠❛❧❧② ✐❞❡♥$✐❝❛❧ $♦ $❤❡ ❡*$✐♠❛$♦- ❢♦- ❲❛-♥❡-✬* ♦-✐❣✐♥❛❧ ❘❘❚
❞❡*✐❣♥ ✭❲❛-♥❡-✱ ✶✾✻✺❀ ❨✉ ❡$ ❛❧✳✱ ✷✵✵✽✮✳
✶✶✽
❚❛❜❧❡ ✹✳✷✿ )*❡✈❛❧❡♥❝❡ ❊/0✐♠❛0❡/✱ ✐♥ )❡*❝❡♥0✱ ♦❢ )❛*0✐❛❧ ❛♥❞ ❙❡✈❡*❡ )❧❛❣✐❛*✐/♠ ❜②
❊①♣❡*✐♠❡♥0❛❧ ❈♦♥❞✐0✐♦♥ ✭/0❛♥❞❛*❞ ❡**♦*/ ✐♥ ♣❛*❡♥0❤❡/❡/✮
❉✐*❡❝0 ❈*♦//✇✐/❡ ❉✐✛❡*❡♥❝❡
◗✉❡/0✐♦♥✐♥❣ ✭❉◗✮ ▼♦❞❡❧ ✭❈▼✮ ✭❈▼ ✲ ❉◗✮
)❛*0✐❛❧ )❧❛❣✐❛*✐/♠ ✼✳✸ ✷✷✳✸ ✶✺✳✵
✭✷✳✼✮ ✭✺✳✺✮ ✭✻✳✶✮
❙❡✈❡*❡ )❧❛❣✐❛*✐/♠ ✶✳✵ ✶✳✻ ✵✳✻
✭✶✳✵✮ ✭✺✳✵✮ ✭✺✳✶✮
❖❜/❡*✈❛0✐♦♥/ ✾✻ ✸✶✵
❞✐/0*✐❜✉0✐♦♥ ♦❢ Y ✐/ ❦♥♦✇♥ ✭❛♥❞ 0❤❡ 0✇♦ ✈❛*✐❛❜❧❡/ ❛*❡ ✐♥❞❡♣❡♥❞❡♥0✮✱ ✐0 ✐/ ♣♦//✐❜❧❡
0♦ ❢♦*♠✉❧❛0❡ ❛❞❛♣0❡❞ *❡❣*❡//✐♦♥ ❡/0✐♠❛0♦*/ ❢♦* ❈▼ ❞❛0❛✳ ❚✇♦ /✉❝❤ ❡/0✐♠❛0♦*/ ❛*❡ ❛
♠♦❞✐✜❡❞ ❧♦❣✐/0✐❝ *❡❣*❡//✐♦♥ ♠♦❞❡❧ ❛♥❞ ❛ ♠♦❞✐✜❡❞ ❧✐♥❡❛* ♣*♦❜❛❜✐❧✐0② ♠♦❞❡❧ ✭▲)▼✮✳
▲❡0 π = Pr(X = 1|Z) ❜❡ 0❤❡ ✭✉♥❦♥♦✇♥✮ ♣*♦❜❛❜✐❧✐0② ♦❢ ❛ ✏②❡/✑ ❛♥/✇❡* 0♦ 0❤❡ /❡♥/✐0✐✈❡
T✉❡/0✐♦♥ ❝♦♥❞✐0✐♦♥❛❧ ♦♥ ❛ ✈❡❝0♦* ♦❢ ✭♦❜/❡*✈❡❞✮ ❝♦✈❛*✐❛0❡/ Z ✭✐♥❝❧✉❞✐♥❣ ❛ ❝♦♥/0❛♥0✮✳






✇❤❡*❡ β ❞❡♥♦0❡/ ❛♥ ✉♥❦♥♦✇♥ ♣❛*❛♠❡0❡* ✈❡❝0♦*✳ ❙0❛♥❞❛*❞ ♠❛①✐♠✉♠ ❧✐❦❡❧✐❤♦♦❞
♣*♦❝❡❞✉*❡/ ❝❛♥ ❜❡ ✉/❡❞ 0♦ ❡/0✐♠❛0❡ β ✐❢ X ✐/ ♦❜/❡*✈❡❞✳ ■♥ ♣❛*0✐❝✉❧❛*✱ ✐♥ ❛ /✐♠♣❧❡
*❛♥❞♦♠ /❛♠♣❧❡✱ 0❤❡ ♣*♦❜❛❜✐❧✐0✐❡/ ♦❢ ♦❜/❡*✈✐♥❣ X = 1 ❛♥❞ X = 0 ❛*❡ π ❛♥❞ 1 − π✱





















1 ✐❢ *❡/♣♦♥/❡ ✐/ A (X = 1 ❛♥❞ Y = 1 ♦* X = 0 ❛♥❞ Y = 0)
0 ✐❢ *❡/♣♦♥/❡ ✐/ B (X = 1 ❛♥❞ Y = 0 ♦* X = 0 ❛♥❞ Y = 1)
,
✐/ ♦❜/❡*✈❡❞✳ ▲❡0 p = Pr(Y = 1|Z) ❜❡ 0❤❡ ✭❦♥♦✇♥✮ ♣*♦❜❛❜✐❧✐0② ♦❢ ❛ ✏②❡/✑ ❛♥/✇❡* 0♦
0❤❡ ❛✉①✐❧✐❛*② T✉❡/0✐♦♥ ✭p 6= 0.5✮✳ ❚❤❡ ♣*♦❜❛❜✐❧✐0✐❡/ ♦❢ R = 1 ❛♥❞ R = 0 ❛*❡ 0❤❡♥
❡T✉❛❧ 0♦ πp + (1 − π)(1 − p) ❛♥❞ π(1 − p) + (1 − π)p✱ *❡/♣❡❝0✐✈❡❧②✳ ❚❤✉/✱ 0❤❡ ❧♦❣
✶✶✾











β + (1− pi)] + (1−Ri) · ln[(1− pi)e
Z′
i





▼❛①✐♠✐③✐♥❣ .❤❡ ❧♦❣ ❧✐❦❡❧✐❤♦♦❞ ②✐❡❧❞/ .❤❡ ❈▼ ❧♦❣✐. ❡/.✐♠❛.❡ ♦❢ β✳✾ ❚❤❡ ❈▼ ❧♦❣✐.
❝♦❡✣❝✐❡♥./ ❝❛♥ ❜❡ ✐♥.❡(♣(❡.❡❞ ❥✉/. ❧✐❦❡ .❤❡ ❝♦❡✣❝✐❡♥./ ❢(♦♠ ❛ (❡❣✉❧❛( ❧♦❣✐. ♠♦❞❡❧
✭/❡❡✱ ❡✳❣✳✱ ▲♦♥❣ ❡. ❛❧✳✱ ✶✾✾✼✱ ❝❤✳ ✸✮✳ ❆ ❦❡② ❞✐✛❡(❡♥❝❡✱ ❤♦✇❡✈❡(✱ ✐/ .❤❛. .❤❡ ❈▼
❧♦❣✐. ✐/ ❧❡// ❡✣❝✐❡♥. .❤❛♥ .❤❡ (❡❣✉❧❛( ❧♦❣✐. ♠♦❞❡❧ ✭✉♥❧❡// p = 0✮✳ ❚❤❛. ✐/✱ .♦ ♦❜.❛✐♥
(❡❣(❡//✐♦♥ ❛♥❛❧②/❡/ ✇✐.❤ ❝♦♠♣❛(❛❜❧❡ /.❛.✐/.✐❝❛❧ ♣♦✇❡(✱ ❛ ❧❛(❣❡( /❛♠♣❧❡ ✐/ (❡H✉✐(❡❞
❢♦( .❤❡❈▼ .❤❛♥ ❢♦( ❞✐(❡❝. H✉❡/.✐♦♥✐♥❣✳ ◆♦.❡ .❤❛. ❢♦( p = 0✱ .❤❡ ❈▼ ❧♦❣✐. (❡❞✉❝❡/ .♦
.❤❡ (❡❣✉❧❛( ❧♦❣✐. ♠♦❞❡❧✳ ❚❤❡(❡❢♦(❡✱ ❞❛.❛ ❢(♦♠ .❤❡ ❈▼ ❛♥❞ ❢(♦♠ ❞✐(❡❝. H✉❡/.✐♦♥✐♥❣
❝❛♥ ❜❡ ❥♦✐♥.❧② ❛♥❛❧②③❡❞ ✇✐.❤✐♥ .❤❡ /❛♠❡ ♠♦❞❡❧ .❤(♦✉❣❤ ♦❜/❡(✈❛.✐♦♥✲/♣❡❝✐✜❝ ✈❛❧✉❡/
❢♦( p✳
❆♥ ❛❧.❡(♥❛.✐✈❡ ❛♣♣(♦❛❝❤ .♦ ❛♥❛❧②③✐♥❣ ❈▼ ❞❛.❛ ✐/ .♦ ❛//✉♠❡ ❛ ❧✐♥❡❛( ♣(♦❜❛❜✐❧✐.②
♠♦❞❡❧ ✭▲L▼✮ ✇✐.❤ Pr(X = 1|Z) = Z ′β ❛♥❞ ❛♣♣❧② .❤❡ ❧❡❛/.✲/H✉❛(❡/ ♠❡.❤♦❞ .♦
❛ .(❛♥/❢♦(♠❡❞ (❡/♣♦♥/❡ ✈❛(✐❛❜❧❡ R̃ = (R + p − 1)/(2p − 1)✳✶✵ ❚❤❡ .(❛♥/❢♦(♠❛.✐♦♥
❢♦❧❧♦✇/ ❢(♦♠
E(R = 1|Z) =Pr(R = 1|Z) = (Z ′β)p+ (1− Z ′β)(1− p)
=(Z ′β)(2p− 1) + 1− p,
❛♥❞ .❤❡(❡❢♦(❡
E[(R + p− 1)/(2p− 1)|Z] =
E(R = 1|Z) + p− 1
2p− 1
= Z ′β,
✇❤❡(❡ E(.) ❞❡♥♦.❡/ .❤❡ ❡①♣❡❝.❡❞ ✈❛❧✉❡✳ ❚❤❡ ❧✐♥❡❛(✐.② ❛//✉♠♣.✐♦♥ ✐♠♣❧✐❡❞ ❜② .❤❡
▲L▼ ♠❛② ♥♦. ❜❡ (❡❛❧✐/.✐❝✳ ◆♦♥❡.❤❡❧❡//✱ .❤❡ ▲L▼ ✐/ ✉/❡❢✉❧ ✐♥ ♣(❛❝.✐❝❡ ❜❡❝❛✉/❡ .❤❡
(❡/✉❧.✐♥❣ ❝♦❡✣❝✐❡♥. ❡/.✐♠❛.❡/ ❝❛♥ ❜❡ ✐♥.❡(♣(❡.❡❞ ❛/ ♠❛(❣✐♥❛❧ ❡✛❡❝./ ♦♥ .❤❡ ♣(♦❜❛❜✐❧✲
✐.② ♦❢ X = 1 ✇✐.❤♦✉. .❤❡ ♥❡❡❞ ❢♦( ❢✉(.❤❡( .(❛♥/❢♦(♠❛.✐♦♥✳ ▼♦(❡♦✈❡(✱ ✐♥ ♠♦/. ❝❛/❡/✱
.❤❡ ❛✈❡(❛❣❡ ♠❛(❣✐♥❛❧ ❡✛❡❝./ ❢(♦♠ ❛ ❧♦❣✐. ♠♦❞❡❧ ❛(❡ ✈❡(② ❝❧♦/❡ .♦ .❤❡ ❝♦❡✣❝✐❡♥./ ❢(♦♠
✾✳ ❚❤❡ ♠♦❞❡❧ ❝❛♥ ❜❡ ❡❛-✐❧② ❛❞❛♣1❡❞ 1♦ ❛❧❧♦✇ ❢♦4 ✉♥❡6✉❛❧ -❡❧❡❝1✐♦♥ ♣4♦❜❛❜✐❧✐1✐❡-✱ -14❛1✐✜❝❛1✐♦♥✱
♦4 ♠✉❧1✐✲-1❛❣❡ -❛♠♣❧✐♥❣ ❡♠♣❧♦②✐♥❣ -1❛♥❞❛4❞ ♠❡1❤♦❞♦❧♦❣② ❢♦4 ❝♦♠♣❧❡① -✉4✈❡② ❞❛1❛✳
✶✵✳❲❡ ✉-❡ ❤❡1❡4♦-❝❡❞❛-1✐❝✐1②✲4♦❜✉-1 ❢♦4♠✉❧❛- ❢♦4 1❤❡ -1❛♥❞❛4❞ ❡44♦4- ❜❡❝❛✉-❡ 1❤❡ ❛--✉♠♣1✐♦♥ ♦❢
❝♦♥-1❛♥1 4❡-✐❞✉❛❧ ✈❛4✐❛♥❝❡ ✐- ✈✐♦❧❛1❡❞ ❜② ❞❡-✐❣♥✳
✶✷✵
 ❤❡ ▲$▼ ✭'❡❡✱ ❡✳❣✳✱ ▼♦♦❞✱ ✷✵✶✵✮✳
❚❛❜❧❡ ✹✳✸✿ ❘❡'✉❧ ' ❢;♦♠ ▲❡❛' ✲❙?✉❛;❡' ❛♥❞ ▼❛①✐♠✉♠✲▲✐❦❡❧✐❤♦♦❞ ❘❡❣;❡''✐♦♥ ▼♦❞❡❧'




❈▼ ♦♥❧② ❈▼ ❛♥❞ ❉◗ ❈▼ ♦♥❧② ❈▼ ❛♥❞ ❉◗









✭✵✳✶✾✮ ✭✵✳✶✺✮ ✭✶✳✶✾✮ ✭✵✳✾✽✮
❯♥✐✈❡,'✐(② ♦❢ ▲❡✐♣③✐❣ ✵✳✷✵ ✵✳✶✸ ✶✳✵✵ ✵✳✷✸
✭✵✳✶✹✮ ✭✵✳✶✶✮ ✭✵✳✾✷✮ ✭✵✳✼✻✮
✵✳✵✸ ✵✳✵✹ ✵✳✷✸ ✵✳✺✷
❋❡♠❛❧❡ ✭✵✳✶✷✮ ✭✵✳✵✾✮ ✭✵✳✽✶✮ ✭✵✳✻✵✮
◆✉♠❜❡, ♦❢ ♣❛♣❡,' ✇,✐((❡♥
✭❘❡❢❡,❡♥❝❡ ❂ ❖♥❡ ♦, (✇♦✮
❚❤,❡❡ ♦, ❢♦✉, ✲✵✳✶✶ ✲✵✳✶✵ ✲✵✳✻✽ ✲✵✳✽✵
✭✵✳✶✹✮ ✭✵✳✶✶✮ ✭✵✳✽✻✮ ✭✵✳✼✷✮
❋✐✈❡ ♦, ♠♦,❡ ✵✳✵✾ ✵✳✵✺ ✵✳✷✷ ✲✵✳✸✹
✭✵✳✶✹✮ ✭✵✳✶✶✮ ✭✵✳✽✸✮ ✭✵✳✼✵✮
❯'❡❞ ✐♥❢♦,♠❛(✐♦♥ '♦✉,❝❡'
■♥(❡,♥❡( ✵✳✶✼ ✵✳✶✺ ✶✳✵✶ ✶✳✸✾
✭✵✳✶✼✮ ✭✵✳✶✹✮ ✭✶✳✺✾✮ ✭✶✳✽✺✮
❖(❤❡, '(✉❞❡♥('✬ ♣❛♣❡, ✵✳✶✾ ✵✳✶✻ ✵✳✾✻ ✶✳✵✼
+
✭✵✳✶✹✮ ✭✵✳✶✵✮ ✭✵✳✼✾✮ ✭✵✳✺✻✮
❈♦♥'(❛♥( ✲✵✳✶✼ ✲✵✳✷✺ ✲✸✳✸✵✯ ✲✹✳✼✻✯✯
✭✵✳✶✾✮ ✭✵✳✶✻✮ ✭✶✳✺✺✮ ✭✶✳✼✹✮
❖❜'❡,✈❛(✐♦♥' ✸✵✻ ✹✵✷ ✸✵✻ ✹✵✷
◆♦"❡$✳
+p < 0.1, ∗p < 0.05, ∗∗p < 0.01
❚❛❜❧❡ ✹✳✸ ❞✐'♣❧❛②'  ❤❡ ;❡'✉❧ ' ❢;♦♠ ❧♦❣✐ ❛♥❞ ▲$▼ ♠♦❞❡❧' ❢♦; ♦✉; ❞❛ ❛✳ $❛; ✐❛❧
♣❧❛❣✐❛;✐'♠ ✐' ;❡❣;❡''❡❞ ♦♥ ✈❛;✐❛❜❧❡' '✉❝❤ ❛' ✉♥✐✈❡;'✐ ② ✭❯♥✐✈❡;'✐ ② ▲❡✐♣③✐❣✱ ▲▼❯
▼✉♥✐❝❤✱ ❊❚❍ ❩✉;✐❝❤✮✱ ❣❡♥❞❡;✱ ♥✉♠❜❡; ♦❢ ♣❛♣❡;' ✇;✐  ❡♥✱ ❛♥❞ ✇❤❡ ❤❡;  ❤❡ ■♥ ❡;♥❡ 
❛♥❞ ♦ ❤❡; ' ✉❞❡♥ '✬ ♣❛♣❡;' ✇❡;❡ ✉'❡❞ ❛' ❛ '♦✉;❝❡ ♦❢ ✐♥❢♦;♠❛ ✐♦♥ ❢♦; ✇;✐ ✐♥❣ ♣❛♣❡;'✳
❚❤❡ ♠♦❞❡❧' ✐♥ ❝♦❧✉♠♥' ♦♥❡ ❛♥❞  ❤;❡❡ ❛;❡ ❜❛'❡❞ ♦♥ ❈▼ ❞❛ ❛ ♦♥❧②❀ ✐♥ ❝♦❧✉♠♥'
 ✇♦ ❛♥❞ ❢♦✉;✱ ❞❛ ❛ ❢;♦♠  ❤❡ ❈▼ ❛♥❞ ❢;♦♠ ❞✐;❡❝ ?✉❡' ✐♦♥✐♥❣ ❛;❡ ❛♥❛❧②③❡❞ ❥♦✐♥ ❧②✳
▼♦❞❡❧' ♦♥❡ ❛♥❞  ✇♦ ❛;❡ ❧❡❛' ✲'?✉❛;❡' ❧✐♥❡❛; ♣;♦❜❛❜✐❧✐ ② ♠♦❞❡❧'❀ ♠♦❞❡❧'  ❤;❡❡ ❛♥❞
❢♦✉; ❛;❡ ♠❛①✐♠✉♠✲❧✐❦❡❧✐❤♦♦❞ ❧♦❣✐ ♠♦❞❡❧'✳ ●✐✈❡♥  ❤❡ '♠❛❧❧ ♥✉♠❜❡; ♦❢ ♦❜'❡;✈❛ ✐♦♥'
❛♥❞  ❤❡ ❧♦✇ ❡✣❝✐❡♥❝② ♦❢  ❤❡ ❈▼ ❡' ✐♠❛ ♦;✱ ♦♥❧② ❛ ❢❡✇ ' ❛ ✐' ✐❝❛❧❧② '✐❣♥✐✜❝❛♥ ;❡'✉❧ '
❝❛♥ ❜❡ ♦❜'❡;✈❡❞✳ $❧❛❣✐❛;✐'♠ '❡❡♠'  ♦ ❜❡ '❧✐❣❤ ❧② ♠♦;❡ ♣;❡✈❛❧❡♥ ✐♥ ❩✉;✐❝❤  ❤❛♥ ✐♥
✶✷✶
▲❡✐♣③✐❣ ♦' ▼✉♥✐❝❤ ✭.❤❡ ❞✐✛❡'❡♥❝❡ ❜❡.✇❡❡♥ ❩✉'✐❝❤ ❛♥❞ ▼✉♥✐❝❤ ✐5 5✐❣♥✐✜❝❛♥. ❛. .❤❡
✶✵✲♣❡'❝❡♥. ❧❡✈❡❧ ❢♦' .❤❡ ▲=▼5✮✳ ◆♦ ❞✐✛❡'❡♥❝❡ ❡①✐5.5 ❜❡.✇❡❡♥ ♠❛❧❡5 ❛♥❞ ❢❡♠❛❧❡5✱
❛♥❞ .❤❡ ♥✉♠❜❡' ♦❢ ♣❛♣❡'5 ✇'✐..❡♥ ❞♦❡5 ♥♦. 5❡❡♠ .♦ ❜❡ '❡❧❛.❡❞ .♦ ♣❧❛❣✐❛'✐5♠ ✭❛❧❧
p✲✈❛❧✉❡5 ❧❛'❣❡' .❤❛♥ ✵✳✶✮✳ ❋✉'.❤❡'♠♦'❡✱ ❛❧.❤♦✉❣❤ ❛❧❧ ❝♦❡✣❝✐❡♥.5 ❢♦' .❤❡ ✉5❡ ♦❢ .❤❡
■♥.❡'♥❡. ❛♥❞ ♦.❤❡' 5.✉❞❡♥.5✬ ♣❛♣❡'5 ❛5 ✐♥❢♦'♠❛.✐♦♥ 5♦✉'❝❡5 ❛'❡ ♣♦5✐.✐✈❡✱ ♦♥❧② ♦♥❡
♦❢ .❤❡♠ '❡❛❝❤❡5 .❤❡ ✶✵✲♣❡'❝❡♥. 5✐❣♥✐✜❝❛♥❝❡ ❧❡✈❡❧✳ ❚❤❡ ♦♥❧② ❝❧❡❛' ❡✛❡❝. ✇❡ ✜♥❞ ✐5
.❤❡ ❡✛❡❝. ♦❢ .❤❡ J✉❡5.✐♦♥✐♥❣ .❡❝❤♥✐J✉❡ ✭5❡❡ .❤❡ ❝♦❡✣❝✐❡♥.5 ❢♦' ✏❈'♦55✇✐5❡ ♠♦❞❡❧✑ ✐♥
.❤❡ ✜'5. '♦✇ ♦❢ .❛❜❧❡ ✹✳✸✮✳ ❆❝❝♦'❞✐♥❣ .♦ .❤❡ ▲=▼✱ .❤❡ '❛.❡ ♦❢ ✭❛❞♠✐..❡❞✮ ♣❛'.✐❛❧
♣❧❛❣✐❛'✐5♠ ✐♥❝'❡❛5❡5 ❜② ✶✼ ♣❡'❝❡♥.❛❣❡ ♣♦✐♥.5 ✐❢ .❤❡ ❈▼ ✐5 ✉5❡❞ ✐♥5.❡❛❞ ♦❢ ❞✐'❡❝.
J✉❡5.✐♦♥✐♥❣ ✭p = 0.007✮✳ ❚❤❡ ❧♦❣✐. ♠♦❞❡❧ '❡✈❡❛❧5 ❛ 5✐♠✐❧❛' ♣♦5✐.✐✈❡ ❡✛❡❝. ♦❢ .❤❡ ❈▼
✭p = 0.005✮✳ ▼♦❞❡❧5 ❢♦' 5❡✈❡'❡ ♣❧❛❣✐❛'✐5♠ ❛'❡ ♥♦. '❡♣♦'.❡❞ ❜❡❝❛✉5❡ .❤❡ ❡5.✐♠❛.❡❞
♣'❡✈❛❧❡♥❝❡ ✐5 .♦♦ ❧♦✇ .♦ ❜❡ ❛♥❛❧②③❡❞ 5✉❝❝❡55❢✉❧❧② ❜② ♠✉❧.✐✈❛'✐❛.❡ ♠❡.❤♦❞5 ❣✐✈❡♥ 5✉❝❤
❛ 5♠❛❧❧ 5❛♠♣❧❡✳
✹✳✺ ❈♦♥❝❧✉)✐♦♥)
❖✉' 5.✉❞② ✐♥✈❡5.✐❣❛.❡❞ .❤❡ ✈✐❛❜✐❧✐.② ♦❢ .❤❡ ❈▼ ✇✐.❤ '❡5♣❡❝. .♦ .❤❡ ♠❡❛5✉'❡♠❡♥.
♦❢ 5♦❝✐❛❧❧② ✉♥❞❡5✐'❛❜❧❡ ❜❡❤❛✈✐♦' ✐♥ 5❡♥5✐.✐✈❡ 5✉'✈❡②5✳ ❆❞♦♣.✐♥❣ ❛♥ ❡①♣❡'✐♠❡♥.❛❧
❞❡5✐❣♥✱ .❤❡ ♣❡'❢♦'♠❛♥❝❡ ♦❢ .❤❡ ❈▼ ✇❛5 ❡♠♣✐'✐❝❛❧❧② ❡✈❛❧✉❛.❡❞ ❛♥❞ ❝♦♠♣❛'❡❞ .♦
❝♦♥✈❡♥.✐♦♥❛❧ ❞✐'❡❝. J✉❡5.✐♦♥✐♥❣✳ ❖✉' '❡5✉❧.5 5❤♦✇ .❤❛. ✉♥❞❡''❡♣♦'.✐♥❣ ♦❢ ✭♣❛'.✐❛❧✮
♣❧❛❣✐❛'✐5♠ ✐5 5✐❣♥✐✜❝❛♥.❧② '❡❞✉❝❡❞ ✇❤❡♥ .❤❡ ❞❛.❛ ❛'❡ ❝♦❧❧❡❝.❡❞ ✈✐❛ .❤❡ ❈▼✱ ❛♥❞ ✇❡
.❤✉5 ❝♦♥❝❧✉❞❡ .❤❛. .❤❡ ❈▼ ✐5 5✉❝❝❡55❢✉❧ ✐♥ ❞❡❝'❡❛5✐♥❣ .❤❡ 5♦❝✐❛❧✲❞❡5✐'❛❜✐❧✐.② ❜✐❛5
✐♥ ♣'❡✈❛❧❡♥❝❡ ❡5.✐♠❛.❡5 ♦❢ ♣❧❛❣✐❛'✐5♠✳ ❙✉'✈❡② ❞❡5✐❣♥❡'5 ✇❤♦ ❛✐♠ .♦ ❡5.✐♠❛.❡ .❤❡
♣'❡✈❛❧❡♥❝❡ ♦❢ 5❡♥5✐.✐✈❡ ❜❡❤❛✈✐♦'5 ❝♦✉❧❞ .❤❡'❡❢♦'❡ ❜❡♥❡✜. ❢'♦♠ ✉5✐♥❣ .❤❡ ❈▼ ✐♥ .❤❡✐'
'❡5❡❛'❝❤ 5.✉❞✐❡5✳
❚❤❡ 5.'❡♥❣.❤ ♦❢ .❤❡ ❈▼✱ ✇❡ ❜❡❧✐❡✈❡✱ ❝♦♠❡5 ❢'♦♠ .❤❡ ❢❛❝. .❤❛.✱ ♦.❤❡' .❤❛♥ ✐♥ .❤❡
✈❛'✐♦✉5 ✐♠♣❧❡♠❡♥.❛.✐♦♥5 ♦❢ .❤❡ ❘❘❚✱ .❤❡'❡ ✐5 ♥♦ ❝♦♥❞✐.✐♦♥ ✐♥ ✇❤✐❝❤ '❡5♣♦♥❞❡♥.5
❤❛✈❡ .♦ ♣'♦✈✐❞❡ ❛♥ ✐♠♠❡❞✐❛.❡ ❛♥5✇❡' .♦ .❤❡ 5❡♥5✐.✐✈❡ J✉❡5.✐♦♥✱ ❛♥❞ .❤❡'❡ ✐5 ♥♦
♦❜✈✐♦✉5 5❡❧❢✲♣'♦.❡❝.✐✈❡ ❛♥5✇❡'✐♥❣ 5.'❛.❡❣②✳ ❍♦✇❡✈❡'✱ ❢✉'.❤❡' '❡5❡❛'❝❤ .♦ '❡♣❧✐❝❛.❡
♦✉' ✜♥❞✐♥❣5 ❛♥❞ ❡①.❡♥❞ .❤❡ ❡✈❛❧✉❛.✐♦♥ ♦❢ .❤❡ ❈▼ ✐♥ ♦.❤❡' ❝♦♥.❡①.5 ❛♥❞ 5❡..✐♥❣5
✇♦✉❧❞ ❜❡ ❞❡5✐'❛❜❧❡✳ ❋♦' ❡①❛♠♣❧❡✱ ✐. ✇♦✉❧❞ ❜❡ ✇♦'.❤✇❤✐❧❡ .♦ ✐♠♣❧❡♠❡♥. ❛♥❞ ❡✈❛❧✉❛.❡
.❤❡ ❈▼ ✐♥ ❝♦♠♣✉.❡'✲❛55✐5.❡❞ .❡❧❡♣❤♦♥❡ ✐♥.❡'✈✐❡✇5 ✭❈❆❚■✮✱ ✐♥ ✇❤✐❝❤ ✐♥❢♦'♠❛.✐♦♥
♣'♦❝❡55✐♥❣ ♠❛② ❜❡ ♠♦'❡ ❞✐✣❝✉❧.✳
❋✉'.❤❡'♠♦'❡✱ .❤❡ ❈▼ ❝♦✉❧❞ ❜❡ ❝♦♠♣❛'❡❞ .♦ .❤❡ .'✐❛♥❣✉❧❛' ♠♦❞❡❧ ✭❚▼✮✱ ✇❤✐❝❤ ✇❛5
❛❧5♦ ♣'♦♣♦5❡❞ ❜② ❨✉ ❡. ❛❧✳ ✭✷✵✵✽✮ ❛5 ❛♥ ❛❧.❡'♥❛.✐✈❡ J✉❡5.✐♦♥ .❡❝❤♥✐J✉❡ ❢♦' ❛5❦✐♥❣
5❡♥5✐.✐✈❡ J✉❡5.✐♦♥5✳ ▲✐❦❡✇✐5❡✱ ✐. ✇♦✉❧❞ ❜❡ ✐♥.❡'❡5.✐♥❣ .♦ ❝♦♠♣❛'❡ .❤❡ ❈▼ .♦ ❛ ❝❧❛55✐❝
✶✷✷
❘❘❚ ❛♣♣$♦❛❝❤✳ ❇❡❝❛✉,❡ -❤❡$❡ ✐, ♥♦ ♦❜✈✐♦✉, ,❡❧❢✲♣$♦-❡❝-✐✈❡ ❛♥,✇❡$✐♥❣ ,-$❛-❡❣② ✐♥ -❤❡
❈▼✱ ♦♥❡ ❝♦✉❧❞ ❤②♣♦-❤❡,✐③❡ -❤❛- -❤❡ ❈▼ ❡❧✐❝✐-, ♠♦$❡ ,♦❝✐❛❧❧② ✉♥❞❡,✐$❛❜❧❡ ❛♥,✇❡$,
-❤❛♥ -❤❡ ❚▼ ♦$ ❘❘❚✳ ❲❡ ✇♦✉❧❞ ❡①♣❡❝- -♦ ♦❜,❡$✈❡ ❛ ❧❛$❣❡$ ❞✐✛❡$❡♥❝❡ ❜❡-✇❡❡♥ -❤❡
❈▼ ❛♥❞ ❞✐$❡❝- A✉❡,-✐♦♥✐♥❣ -❤❛♥ ❜❡-✇❡❡♥ -❤❡ ❚▼ ♦$ ❘❘❚ ❛♥❞ ❞✐$❡❝- A✉❡,-✐♦♥✐♥❣✳
❆♥♦-❤❡$ ♠❡-❤♦❞ -❤❛- ♠✐❣❤- ❜❡ ❧❡,, ♣$♦♥❡ -♦ ,❡❧❢✲♣$♦-❡❝-✐✈❡ $❡,♣♦♥,❡ ❜✐❛, -❤❛♥ -❤❡
❘❘❚ ✐, -❤❡ ✐-❡♠ ❝♦✉♥- -❡❝❤♥✐A✉❡ ✭■❈❚❀ ❛❧,♦ ❦♥♦✇♥ ❛, -❤❡ ✉♥♠❛-❝❤❡❞ ❝♦✉♥- -❡❝❤♥✐A✉❡
♦$ -❤❡ ❧✐,- ❡①♣❡$✐♠❡♥-✮✳ ❋♦$ ❡①❛♠♣❧❡✱ ,❡❡ ❍♦❧❜$♦♦❦ ❛♥❞ ❑$♦,♥✐❝❦ ✭✷✵✶✵✮ ♦$ ❈♦✉--,
❡- ❛❧✳ ✭✷✵✶✶✮ ❢♦$ ♣$♦♠✐,✐♥❣ $❡,✉❧-,✳ ❚❤❡ ❈▼ ❛♥❞ ■❈❚ ,❡❡♠ -♦ ❤❛✈❡ ,✐♠✐❧❛$ ❛❞✈❛♥-❛❣❡,
♦✈❡$ -❤❡ ❘❘❚ ✐♥ -❡$♠, ♦❢ ❡❛,❡ ♦❢ ✉,❡ ❛♥❞ ,❡❧❢✲♣$♦-❡❝-✐✈❡ $❡,♣♦♥,❡ ❜✐❛,✱ ❛♥❞ ✐- ✇♦✉❧❞
❜❡ ✈❛❧✉❛❜❧❡ -♦ ❝♦♥-$❛,- -❤❡ -✇♦ ✐♥ ❛♥ ❡♠♣✐$✐❝❛❧ ,-✉❞②✳ ❲❡ ❡①♣❡❝- -❤❡ ❈▼ -♦ ❜❡
,✉♣❡$✐♦$ -♦ -❤❡ ■❈❚ ✐♥ -❡$♠, ♦❢ ❜♦-❤ ❛♥,✇❡$✐♥❣ -✐♠❡ ❛♥❞ ,-❛-✐,-✐❝❛❧ ❡✣❝✐❡♥❝②✳
❋✐♥❛❧❧②✱ ✇❡ ❤❛✈❡ -♦ ♥♦-❡ ,❡✈❡$❛❧ ❧✐♠✐-❛-✐♦♥, ♦❢ ♦✉$ $❡,❡❛$❝❤ ❛♥❞ -❤❡ ❈▼✳ ❋✐$,-✱ -❤❡
♣$❡,❡♥- ,-✉❞② ✐, ❜❛,❡❞ ♦♥ ❛ $❡❧❛-✐✈❡❧② ,♠❛❧❧ ,❛♠♣❧❡ ♦❢ ✉♥✐✈❡$,✐-② ,-✉❞❡♥-,✳ ❚❤❡ ❈▼
♣$♦✈❡❞ ✉,❡❢✉❧ ✐♥ $❡❞✉❝✐♥❣ ,♦❝✐❛❧✲❞❡,✐$❛❜✐❧✐-② ❜✐❛, ✐♥ -❤✐, ,♠❛❧❧ ,❛♠♣❧❡✳ ❍♦✇❡✈❡$✱
✇❡ ❤❛✈❡ -♦ ❜❡ ❝❛$❡❢✉❧ ♥♦- -♦ ♣$❡♠❛-✉$❡❧② ❣❡♥❡$❛❧✐③❡ -❤✐, $❡,✉❧- -♦ ♦-❤❡$ ♣♦♣✉❧❛-✐♦♥
❣$♦✉♣,✳ ▼♦$❡ ❡♠♣✐$✐❝❛❧ ❡✈✐❞❡♥❝❡ ♦♥ -❤❡ ✈✐❛❜✐❧✐-② ♦❢ -❤❡ ❈▼ ✐, ♥❡❡❞❡❞ ❜❡❢♦$❡ -❤✐,
-❡❝❤♥✐A✉❡ ❝❛♥ ❜❡ ❛❞✈♦❝❛-❡❞ ❛, ❛ ❣❡♥❡$❛❧❧② ❡✛❡❝-✐✈❡ ✐♥,-$✉♠❡♥- ❢♦$ $❡❞✉❝✐♥❣ ,♦❝✐❛❧✲
❞❡,✐$❛❜✐❧✐-② ❜✐❛,✳ ■♥ ♣❛$-✐❝✉❧❛$✱ ❛♥ ✐♠♣❧❡♠❡♥-❛-✐♦♥ ♦❢ -❤❡ ❈▼ ✐♥ ❛ ❣❡♥❡$❛❧ ♣♦♣✉❧❛-✐♦♥
,✉$✈❡② ✇♦✉❧❞ ❜❡ ❛ ,❡♥,✐❜❧❡ ♥❡①- ,-❡♣ ❢♦$ ❡✈❛❧✉❛-✐♥❣ -❤❡ ❢❡❛,✐❜✐❧✐-② ♦❢ -❤❡ ❈▼✳ ❆❧✲
-❤♦✉❣❤ -❤❡ ❈▼ ✐, ❧❡,, ❝♦♠♣❧✐❝❛-❡❞ -❤❛♥ -❤❡ ❘❘❚ ❛♥❞ ,❡❡♠❡❞ -♦ ✇♦$❦ ✇❡❧❧ ✇✐-❤ ♦✉$
✉♥✐✈❡$,✐-② ,-✉❞❡♥-,✱ ✐- ♠✐❣❤- ,-✐❧❧ ❜❡ -♦♦ ❝✉♠❜❡$,♦♠❡ ❢♦$ ♦-❤❡$ ♣♦♣✉❧❛-✐♦♥,✳
✶✶
❙❡❝♦♥❞✱ ✐♥ -❤❡ ♣$❡,❡♥- ,-✉❞②✱ ♥♦ ❡①-❡$♥❛❧ ✈❛❧✐❞❛-✐♦♥ ❞❛-❛ ✇❡$❡ ❛✈❛✐❧❛❜❧❡ -♦ ❡✈❛❧✉❛-❡
-❤❡ ❛❝❝✉$❛❝② ♦❢ -❤❡ $❡,♣♦♥❞❡♥-,✬ ❛♥,✇❡$,✳ ❇❡❝❛✉,❡ ♣❧❛❣✐❛$✐,♠ ✐, ,♦❝✐❛❧❧② ✉♥❞❡,✐$❛❜❧❡
❛♥❞ ❝❛♥ ❜❡ ,❡✈❡$❡❧② ,❛♥❝-✐♦♥❡❞✱ ✇❡ ❛$❣✉❡ -❤❛- ,✉❝❤ ❜❡❤❛✈✐♦$ ✐, ❧✐❦❡❧② -♦ ❜❡ ✉♥❞❡$✲
$❡♣♦$-❡❞ ✐♥ ❞✐$❡❝- A✉❡,-✐♦♥✐♥❣ ❛♥❞✱ ❤❡♥❝❡✱ -❤❡ ✏♠♦$❡✲✐,✲❜❡--❡$✑ ❛,,✉♠♣-✐♦♥ ✐, -❤❡♦✲
$❡-✐❝❛❧❧② ♣❧❛✉,✐❜❧❡✳ ❍♦✇❡✈❡$✱ ❛ ❜❡--❡$ ❛♣♣$♦❛❝❤ -♦ ❡✈❛❧✉❛-❡ ✇❤❡-❤❡$ -❤❡ ❈▼ ②✐❡❧❞,
♠♦$❡ ❛❝❝✉$❛-❡ $❡,✉❧-, -❤❛♥ ❞✐$❡❝- A✉❡,-✐♦♥✐♥❣ ❛♥❞✱ ✐❢ ,♦✱ -♦ ✇❤❛- ❡①-❡♥- ✐- $❡❞✉❝❡,
-❤❡ ,♦❝✐❛❧✲❞❡,✐$❛❜✐❧✐-② ❜✐❛, ✇♦✉❧❞ ❜❡ -♦ ❝♦♠♣❛$❡ -❤❡ $❡,♣♦♥❞❡♥-,✬ ,❡❧❢✲$❡♣♦$-, ❛❣❛✐♥,-
,♦♠❡ ♦❜❥❡❝-✐✈❡ ❞❛-❛ ❝♦♥-❛✐♥✐♥❣ ✏-$✉❡ ,❝♦$❡,✑ ✭❡✳❣✳✱ ✉,✐♥❣ ❝$✐♠✐♥❛❧ $❡❝♦$❞ ❝❤❡❝❦, ♦$
✉,✐♥❣ ❛♥ ❡①♣❡$✐♠❡♥-❛❧ ,❡--✐♥❣ ✐♥ ✇❤✐❝❤ $❡,♣♦♥❞❡♥-, ❛$❡ ❣✐✈❡♥ -❤❡ ♦♣♣♦$-✉♥✐-② -♦ ❡♥✲
❣❛❣❡ ✐♥ -❤❡ ,❡♥,✐-✐✈❡ ❜❡❤❛✈✐♦$✮✳ ❚❤❡$❡❢♦$❡✱ ✇❡ ,-$♦♥❣❧② ❡♥❝♦✉$❛❣❡ ✈❛❧✐❞❛-✐♦♥ ,-✉❞✐❡,
❢♦$ -❤❡ ❈▼✳
❚❤✐$❞✱ ,✐♠✐❧❛$ -♦ ♦-❤❡$ -❡❝❤♥✐A✉❡, ❢♦$ ,❡♥,✐-✐✈❡ A✉❡,-✐♦♥,✱ ❛ ❧✐♠✐-❛-✐♦♥ ♦❢ -❤❡ ❈▼ ✐,
-❤❛- ❧❛$❣❡$ ,❛♠♣❧❡, ❛$❡ $❡A✉✐$❡❞ -♦ ❛❝❤✐❡✈❡ -❤❡ ,❛♠❡ ❧❡✈❡❧ ♦❢ ,-❛-✐,-✐❝❛❧ ♣$❡❝✐,✐♦♥ ❝♦♠✲
✶✶✳❆♥❞✱ ❛' ❛ (❡✈✐❡✇❡( ♦❢ /❤✐' ❛(/✐❝❧❡ ♣♦✐♥/❡❞ ♦✉/✱ ❢♦( ❝❡(/❛✐♥ (❡'❡❛(❝❤ 5✉❡'/✐♦♥' ✭❡✳❣✳✱ ❞(✉❣
❛❜✉'❡✮✱ /❤❡ ♠♦'/ ✐♥/❡(❡'/✐♥❣ ♣♦♣✉❧❛/✐♦♥ ❣(♦✉♣' ♠✐❣❤/ ❜❡ /❤❡ ♦♥❡' ✇✐/❤ /❤❡ ❧♦✇❡'/ /♦❧❡(❛♥❝❡ ❢♦( /❤❡
❛❞❞✐/✐♦♥❛❧ ❡✛♦(/ (❡5✉✐(❡❞ ❜② /❤❡ ❈▼✳
✶✷✸
♣❛"❡❞ %♦ ❞✐"❡❝% )✉❡+%✐♦♥✐♥❣✳ ❚❤❛% ✐+✱ %❤❡"❡ ✐+ ❛ %"❛❞❡✲♦✛ ❜❡%✇❡❡♥ ❜✐❛+ ❛♥❞ ❡✣❝✐❡♥❝②✳
❚❤❡ ❧♦++ ✐♥ +%❛%✐+%✐❝❛❧ ❡✣❝✐❡♥❝② ❛♥❞ %❤❡ ❝♦+%+ ♦❢ ❞♦✉❜❧✐♥❣ ♦" %"✐♣❧✐♥❣ %❤❡ +❛♠♣❧❡ +✐③❡
❝❛♥ ❜❡ ❥✉+%✐✜❡❞ ♦♥❧② ✐❢ %❤❡ ❛♠♦✉♥% ♦❢ ❜✐❛+ "❡❞✉❝%✐♦♥ ❜② %❤❡ ❈▼ ✐+ ❧❛"❣❡✳ ❚❤❡"❡❢♦"❡✱
%❤❡ ❈▼ +❤♦✉❧❞ ❜❡ "❡❝♦♠♠❡♥❞❡❞ ♦♥❧② ❢♦" +✐%✉❛%✐♦♥+ ✐♥ ✇❤✐❝❤ %❤❡ +♦❝✐❛❧✲❞❡+✐"❛❜✐❧✐%②
❜✐❛+ ✐+ ❧✐❦❡❧② %♦ ❜❡ +❡✈❡"❡✳ ▼♦"❡♦✈❡"✱ ❛+ ✐+ %"✉❡ ❢♦" ♠♦+% ❘❘❚ ✐♠♣❧❡♠❡♥%❛%✐♦♥+✱
%❤❡ ❡✣❝✐❡♥❝② ❧♦++ ♦❢ %❤❡ ❈▼ ✐+ ♣❛"%✐❝✉❧❛"❧② ♣"♦♥♦✉♥❝❡❞ ❢♦" ✐%❡♠+ ✇✐%❤ ❛ ✈❡"② ❧♦✇
✭♦" ✈❡"② ❤✐❣❤✮ ♣"❡✈❛❧❡♥❝❡ ✭❛+ ♦✉" "❡+✉❧%+ ❢♦" +❡✈❡"❡ ♣❧❛❣✐❛"✐+♠ ✐❧❧✉+%"❛%❡✮✳ ❚❤❛% ✐+✱
❝♦♠♣❛"❡❞ %♦ ❞✐"❡❝% ♠❡❛+✉"❡♠❡♥%✱ %❤❡ "❡❧❛%✐✈❡ +❛♠♣❧✐♥❣ ✈❛"✐❛♥❝❡ ♦❢ %❤❡ ❈▼ ❡+%✐♠❛✲
%♦" ✐♥❝"❡❛+❡+ %❤❡ ❝❧♦+❡" %❤❡ %"✉❡ ♣"❡✈❛❧❡♥❝❡ ❣❡%+ %♦ ③❡"♦ ✭♦" ♦♥❡✮✳ ❯♥❢♦"%✉♥❛%❡❧②✱
+❡♥+✐%✐✈❡ ❜❡❤❛✈✐♦"+ ♦❢ ✐♥%❡"❡+% ❛"❡ ♦❢%❡♥ ❜❡❤❛✈✐♦"+ ✇✐%❤ ❧♦✇ ♣"❡✈❛❧❡♥❝❡✳ ❈❤♦♦+✐♥❣ ❛
♥♦♥✲+❡♥+✐%✐✈❡ ✐%❡♠ ✐♥ %❤❡ ❈▼ %❤❛% ❤❛+ ❛ ❧♦✇ ♣"❡✈❛❧❡♥❝❡ ✐%+❡❧❢ ❝❛♥ ❝♦✉♥%❡"❜❛❧❛♥❝❡ %❤❡
❡✣❝✐❡♥❝② ❧♦++✱ ❜✉% %❤✐+ ♠✐❣❤% ❛❧+♦ "❡❞✉❝❡ %❤❡ ❧❡✈❡❧ ♦❢ ♣"✐✈❛❝② ♣"♦%❡❝%✐♦♥ ♣❡"❝❡✐✈❡❞ ❜②
%❤❡ "❡+♣♦♥❞❡♥%+✳ ❚❤✐+ ✐+✱ ✐♥ ❢❛❝%✱ ❛ ❣❡♥❡"❛❧ ♣"♦❜❧❡♠ ♦❢ +❡♥+✐%✐✈❡✲)✉❡+%✐♦♥ %❡❝❤♥✐)✉❡+
%❤❛% ✐♥❞✉❝❡ ❛♥♦♥②♠✐%② ❜② ❛❞❞✐♥❣ ♥♦✐+❡ %♦ %❤❡ ❞❛%❛ ✭❛+ ❞♦❡+ %❤❡ ❈▼ ♦" ❘❘❚✮✿ ▲♦✇✲
♣"❡✈❛❧❡♥❝❡ )✉❡+%✐♦♥+ %♦❧❡"❛%❡ ❧✐%%❧❡ ♥♦✐+❡ ❢♦" %❤❡ ❡+%✐♠❛%❡+ %♦ "❡♠❛✐♥ ❡✣❝✐❡♥%✳ ❍♦✇
❞✐✛❡"❡♥% ❧❡✈❡❧+ ♦❢ ♥♦✐+❡ ❛✛❡❝% %❤❡ "❡+♣♦♥❞❡♥%+✬ %"✉+% ✐♥ %❤❡ %❡❝❤♥✐)✉❡+ ✐+✱ ❤♦✇❡✈❡"✱
❛♥ ✐++✉❡ ❢♦" ❢✉%✉"❡ "❡+❡❛"❝❤✳
❋♦✉"%❤✱ ✐% ❤❛+ %♦ ❜❡ ♠❡♥%✐♦♥❡❞ %❤❛% %❤❡ +%❛%✐+%✐❝❛❧ ❛♥❛❧②+✐+ ♦❢ ❞❛%❛ ❣❛%❤❡"❡❞ ❜② %❤❡
❈▼ ✐+ ♠♦"❡ ❞✐✣❝✉❧% %❤❛♥ %❤❡ ❛♥❛❧②+✐+ ♦❢ ❞❛%❛ ❢"♦♠ ❞✐"❡❝% )✉❡+%✐♦♥+ ❜❡❝❛✉+❡ +%❛♥✲
❞❛"❞ %❡❝❤♥✐)✉❡+ ❝❛♥♥♦% ❜❡ ❡♠♣❧♦②❡❞ ✇✐%❤♦✉% ♠♦❞✐✜❝❛%✐♦♥✳ ❲❡ ♣"❡+❡♥%❡❞ ❢♦"♠✉❧❛+
❢♦" ♦♥❡ ✐♠♣♦"%❛♥% ❝❧❛++ ♦❢ ❛♣♣❧✐❝❛%✐♦♥+ ✐♥ %❤✐+ ❛"%✐❝❧❡ ✭"❡❣"❡++✐♦♥ ♠♦❞❡❧+✮✳ ❍♦✇ %♦
✐♠♣❧❡♠❡♥% ♦%❤❡" +%❛%✐+%✐❝❛❧ %❡❝❤♥✐)✉❡+ ✇✐%❤ ❈▼ ❞❛%❛ ❤❛+ ②❡% %♦ ❜❡ ✐♥✈❡+%✐❣❛%❡❞✱




❆ )✉❛❧✐$❛$✐✈❡ ❛..❡..♠❡♥$ ♦❢ ✐♥❞✐&❡❝$







✶✳ ❚❤✐& ❝❤❛♣*❡, ✐& ♣✉❜❧✐&❤❡❞ ✐♥ ❙✉,✈❡② ❘❡&❡❛,❝❤ ▼❡*❤♦❞& ✭✷✵✶✾✱ ❱♦❧✳ ✶✸ ◆♦✳ ✸✮ ✉♥❞❡, *❤❡ *✐*❧❡
✏❚♦♦ &♦♣❤✐&*✐❝❛*❡❞ ❡✈❡♥ ❢♦, ❤✐❣❤❧② ❡❞✉❝❛*❡❞ &✉,✈❡② ,❡&♣♦♥❞❡♥*&❄ ❆ E✉❛❧✐*❛*✐✈❡ ❛&&❡&&♠❡♥* ♦❢ ✐♥❞✐✲
,❡❝* E✉❡&*✐♦♥ ❢♦,♠❛*& ❢♦, &❡♥&✐*✐✈❡ E✉❡&*✐♦♥&✑✳ ❉❖■✿ ❤**♣&✿✴✴❞♦✐✳♦,❣✴✶✵✳✶✽✶✹✽✴&,♠✴✷✵✶✾✳✈✶✸✐✸✳✼✹✺✸
✷✳❆❝❦♥♦✇❧❡❞❣♠❡♥*&✿ ❲❡ *❤❛♥❦ *❤❡ ❛♥♦♥②♠♦✉& ,❡✈✐❡✇❡,& ❢♦, *❤❡✐, ❝♦♥❝✐&❡ ❝♦♠♠❡♥*& ❛♥❞ ❝♦♥✲
&*,✉❝*✐✈❡ ❢❡❡❞❜❛❝❦ ♦♥ ♦✉, ✇♦,❦✳ ❲❡ ❛❧&♦ *❤❛♥❦ ◆✐❝♦❧❛ ❇❛❜❛♠♦✈✱ ❈❤,✐&*♦♣❤❡ ❍❡❣❡,✱ ❇❡❛*,✐❝❡ ❙❝❤✉❧③✱
▼❛❞❡❧❡✐♥❡ ❙✐❡❣❡❧✱ ◆✐❦✐*❛ ❙♦,❣❛*③✱ ❛♥❞ ❆♥❛&*❛&✐✐❛ ❚❝②♣✐♥❛ ❢♦, *❤❡✐, ❛&&✐&*❛♥❝❡ ✇✐*❤ *❤❡ *,❛♥&❝,✐♣*✐♦♥
♦❢ *❤❡ ✐♥*❡,✈✐❡✇& ❛& ✇❡❧❧ ❛& ❇,✐❛♥ ❈♦♦♣❡, ❢♦, ♣,♦♦❢,❡❛❞✐♥❣✳ ❉❛✈✐❞ ❏♦❤❛♥♥ ✇♦✉❧❞ ❧✐❦❡ *♦ *❤❛♥❦ *❤❡
●❡,♠❛♥ ❈❡♥*❡, ❢♦, ❤✐❣❤❡, ❊❞✉❝❛*✐♦♥ ❘❡&❡❛,❝❤ ❛♥❞ ❙❝✐❡♥❝❡ ✭❉❩❍❲✮ ❢♦, *❤❡✐, &✉♣♣♦,* ✐♥ ♣,♦✈✐❞✐♥❣
❢✉♥❞ ❢♦, ✐♥*❡,✈✐❡✇✐♥❣ ❛♥❞ *,❛♥&❝,✐♣*✐♦♥✳ ❑❛*❤,✐♥ ❚❤♦♠❛& ✇❛& ❘❡&❡❛,❝❤ ❆&&♦❝✐❛*❡ ❛* ❈✐*②✱ ❯♥✐✲
✈❡,&✐*② ♦❢ ▲♦♥❞♦♥✱ ✇❤❡♥ *❤❡ ✐♥✐*✐❛❧ ♣❤❛&❡ ♦❢ *❤❡ ♣,♦❥❡❝* &*❛,*❡❞ ❛♥❞ ✇♦✉❧❞ ❧✐❦❡ *♦ *❤❛♥❦ ❈✐*② ❢♦,
✐*& &✉♣♣♦,*✳ ❍❡✐❦♦ ❘❛✉❤✉* ❛❝❦♥♦✇❧❡❞❣❡& ❢✉♥❞✐♥❣ ❢,♦♠ *❤❡ ❙◆❙❋ ❜② *❤❡ ❙*❛,*✐♥❣ ●,❛♥* ❇❙❙✲●■❖
✶✺✺✾✽✶ ✏❙♦❝✐❛❧ ♥♦,♠&✱ ❝♦♦♣❡,❛*✐♦♥ ❛♥❞ ❝♦♥✢✐❝* ✐♥ &❝✐❡♥*✐✜❝ ❝♦❧❧❛❜♦,❛*✐♦♥&✑✳
✶✷✻
❆❜"#$❛❝#✳ ▼✐"#❡♣♦#'✐♥❣ ♦❢ "❡♥"✐'✐✈❡ ❝❤❛#❛❝'❡#✐"'✐❝" ✐♥ "✉#✈❡②" ✐" ❛ ♠❛❥♦# ❝♦♥❝❡#♥
❛♠♦♥❣ "✉#✈❡② ♠❡'❤♦❞♦❧♦❣✐"'" ❛♥❞ "♦❝✐❛❧ "❝✐❡♥'✐"'" ❛❝#♦"" ❞✐"❝✐♣❧✐♥❡"✳ ■♥❞✐#❡❝' 7✉❡"✲
'✐♦♥ ❢♦#♠❛'"✱ "✉❝❤ ❛" '❤❡ ■'❡♠ ❈♦✉♥' ❚❡❝❤♥✐7✉❡ ✭■❈❚✮ ❛♥❞ '❤❡ ❘❛♥❞♦♠✐③❡❞ ❘❡✲
"♣♦♥"❡ ❚❡❝❤♥✐7✉❡" ✭❘❘❚✮✱ ✐♥❝❧✉❞✐♥❣ '❤❡ ❈#♦""✇✐"❡ ▼♦❞❡❧ ✭❈▼✮ ❛♥❞ ❚#✐❛♥❣✉❧❛#
▼♦❞❡❧ ✭❚▼✮✱ ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ '♦ ♣#♦'❡❝' #❡"♣♦♥❞❡♥'"✬ ♣#✐✈❛❝② ❜② ❞❡"✐❣♥ '♦ ❡❧✐❝✐'
♠♦#❡ '#✉'❤❢✉❧ ❛♥"✇❡#"✳ ❚❤❡"❡ ♠❡'❤♦❞" ❤❛✈❡ ❛❧"♦ ❜❡❡♥ ♣#❛✐"❡❞ '♦ ♣#♦❞✉❝❡ ♠♦#❡ ✈❛❧✐❞
❡"'✐♠❛'❡" '❤❛♥ ❞✐#❡❝' 7✉❡"'✐♦♥"✳ ❍♦✇❡✈❡#✱ #❡❝❡♥' #❡"❡❛#❝❤ ❤❛" #❡✈❡❛❧❡❞ ❛ ♥✉♠❜❡# ♦❢
♣#♦❜❧❡♠"✱ "✉❝❤ ❛" '❤❡ ♦❝❝✉##❡♥❝❡ ♦❢ ❢❛❧"❡ ♥❡❣❛'✐✈❡"✱ ❢❛❧"❡ ♣♦"✐'✐✈❡"✱ ❛♥❞ ❞❡♣❡♥❞❡♥❝✐❡"
♦♥ "♦❝✐♦❡❝♦♥♦♠✐❝ ❝❤❛#❛❝'❡#✐"'✐❝"✱ ✐♥❞✐❝❛'✐♥❣ '❤❛' ❛' ❧❡❛"' "♦♠❡ #❡"♣♦♥❞❡♥'" ♠❛② "'✐❧❧
❝❤❡❛' ♦# ❧✐❡ ✇❤❡♥ ❛"❦❡❞ ✐♥❞✐#❡❝'❧②✳ ❚❤✐" ❛#'✐❝❧❡ "②"'❡♠❛'✐❝❛❧❧② ✐♥✈❡"'✐❣❛'❡" ✭✶✮ ❤♦✇
✇❡❧❧ #❡"♣♦♥❞❡♥'" ❝♦♠♣#❡❤❡♥❞ ❛♥❞ ✭✷✮ '♦ ✇❤❛' ❡①'❡♥' '❤❡② '#✉"' '❤❡ ■❈❚✱ ❈▼ ❛♥❞
❚▼✳ ❲❡ ❝♦♥❞✉❝'❡❞ ❝♦❣♥✐'✐✈❡ ✐♥'❡#✈✐❡✇" ✇✐'❤ ❛❝❛❞❡♠✐❝" ❛❝#♦"" ❞✐"❝✐♣❧✐♥❡"✱ ✐♥✈❡"'✐✲
❣❛'✐♥❣ ❤♦✇ #❡"♣♦♥❞❡♥'" ♣❡#❝❡✐✈❡✱ '❤✐♥❦ ❛❜♦✉' ❛♥❞ ❛♥"✇❡# 7✉❡"'✐♦♥" ♦♥ ❛❝❛❞❡♠✐❝
♠✐"❝♦♥❞✉❝' ✉"✐♥❣ '❤❡"❡ ✐♥❞✐#❡❝' ♠❡'❤♦❞"✳ ❚❤❡ #❡"✉❧'" ✐♥❞✐❝❛'❡ '❤❛' ♠♦"' #❡"♣♦♥✲
❞❡♥'" ❝♦♠♣#❡❤❡♥❞ '❤❡ ❜❛"✐❝ ✐♥"'#✉❝'✐♦♥"✱ ❜✉' ♠❛♥② ❢❛✐❧ '♦ ✉♥❞❡#"'❛♥❞ '❤❡ ❧♦❣✐❝ ❛♥❞
♣#✐♥❝✐♣❧❡" ♦❢ '❤❡"❡ '❡❝❤♥✐7✉❡"✳ ❋✉#'❤❡#♠♦#❡✱ '❤❡ ✜♥❞✐♥❣" "✉❣❣❡"' '❤❛' ❝♦♠♣#❡❤❡♥✲
"✐♦♥ ❛♥❞ ❤♦♥❡"' "❡❧❢✲#❡♣♦#'" ❛#❡ ✉♥#❡❧❛'❡❞✱ '❤✉" ✈✐♦❧❛'✐♥❣ ❝♦#❡ ❛""✉♠♣'✐♦♥" ❛❜♦✉'
'❤❡ ❡✛❡❝'✐✈❡♥❡"" ♦❢ '❤❡"❡ '❡❝❤♥✐7✉❡"✳
✶✷✼
✺✳✶ ■♥%&♦❞✉❝%✐♦♥
▼❛♥② $✉&✈❡②$ ❝❛♣+✉&❡ $❡♥$✐+✐✈❡ ❝❤❛&❛❝+❡&✐$+✐❝$ ✐♥ ❛❞❞✐+✐♦♥ +♦ ❧❡$$ $❡♥$✐+✐✈❡ ❛++✐+✉❞✐♥❛❧
♦& ❢❛❝+✉❛❧ 2✉❡$+✐♦♥$✳ ❚❤✉$✱ ❛♥ ✐♥❝&❡❛$✐♥❣ ❜♦❞② ♦❢ ❧✐+❡&❛+✉&❡ ✐$ ❞❡❞✐❝❛+❡❞ +♦ &❡$❡❛&❝❤✲
✐♥❣ ❤♦✇ +♦ ✐♠♣&♦✈❡ 2✉❡$+✐♦♥$ ❝❛♣+✉&✐♥❣ $❡♥$✐+✐✈❡ ❝❤❛&❛❝+❡&✐$+✐❝$✱ ❛$ +❤❡$❡ ✐+❡♠$ ❛&❡
♣&♦♥❡ +♦ ♠✐$&❡♣♦&+✐♥❣ ✭❡✳❣✳✱ ❚♦✉&❛♥❣❡❛✉ ❡+ ❛❧✳✱ ✷✵✵✵❀ ❚♦✉&❛♥❣❡❛✉ ❛♥❞ ❨❛♥✱ ✷✵✵✼❀
❑&✉♠♣❛❧ ❡+ ❛❧✳✱ ✷✵✶✺✮✳ ■♥ ♣❛&+✐❝✉❧❛&✱ ✐♥❞✐&❡❝+ 2✉❡$+✐♦♥ ❢♦&♠❛+$ ❛✐♠ +♦ &❡❞✉❝❡ $♦❝✐❛❧
❞❡$✐&❛❜✐❧✐+② ♣&❡$$✉&❡$ ❜② ♣&♦+❡❝+✐♥❣ &❡$♣♦♥❞❡♥+$✬ ❛♥♦♥②♠✐+② ❛♥❞ ♣&✐✈❛❝②✳ ❚❤✐$ ✐$
❛❝❤✐❡✈❡❞ ❜② ❞❡$✐❣♥ ✐♠♣❧❡♠❡♥+✐♥❣ ❛ $+❛+✐$+✐❝❛❧ ❡❧❡♠❡♥+ +❤❛+ ❛❧❧♦✇$ ❛♥ ❛♥❛❧②$✐$ ♦❢ +❤❡
❝♦❧❧❡❝+❡❞ ❞❛+❛ ♦♥ +❤❡ ❛❣❣&❡❣❛+❡ ❧❡✈❡❧ ✉$✐♥❣ ❜❛$✐❝ ♣&♦❜❛❜✐❧✐+② ♠❡+❤♦❞$✳
❚❤&❡❡ ♣♦♣✉❧❛& ♠❡+❤♦❞$ ❛&❡ +❤❡ ■+❡♠ ❈♦✉♥+ ❚❡❝❤♥✐2✉❡ ✭■❈❚✮ ✭❉&♦✐+❝♦✉& ❡+ ❛❧✳✱
✶✾✾✶✮✱
✸
+❤❡ ❈&♦$$✇✐$❡ ▼♦❞❡❧ ❛♥❞ +❤❡ ❚&✐❛♥❣✉❧❛& ▼♦❞❡❧ ✭❈▼ ❛♥❞ ❚▼✮ ✭❨✉ ❡+ ❛❧✳✱
✷✵✵✽✮✳ ❚❤❡ ❝♦♠♠♦♥ ❡❧❡♠❡♥+$ ♦❢ +❤❡ +❤&❡❡ ♠❡+❤♦❞$ ❛&❡ +❤❛+ +❤❡② ✭✶✮ ♦❜$❝✉&❡ +❤❡
♠❡❛♥✐♥❣ ♦❢ &❡$♣♦♥❞❡♥+$✬ ✐♥❞✐✈✐❞✉❛❧ ❛♥$✇❡&$❀ ✭✷✮ +❤❡② ❞♦ +❤✐$ ❜② ❞❡$✐❣♥ ❛♥❞ ✇✐+❤♦✉+
❛❞❞✐+✐♦♥❛❧ ❛✐❞$❀ ❛♥❞ ✭✸✮ +❤❡ &❡$✉❧+✐♥❣ ❞❛+❛ ♦♥❧② ❛❧❧♦✇$ ❛♥ ❡$+✐♠❛+❡ ♦❢ +❤❡ ♣&❡✈❛❧❡♥❝❡
♦❢ $❡♥$✐+✐✈❡ ❝❤❛&❛❝+❡&✐$+✐❝$ ♦♥ +❤❡ ❛❣❣&❡❣❛+❡❞ ❧❡✈❡❧✳
❆❧+❤♦✉❣❤ +❤❡$❡ ♠❡+❤♦❞$ ❛&❡ ❢&❡2✉❡♥+❧② ❛♣♣❧✐❡❞ +♦ ♠❡❛$✉&❡ $❡♥$✐+✐✈❡ ❝❤❛&❛❝+❡&✐$+✐❝$✱
❛♥ ✐♥❝&❡❛$✐♥❣ ❜♦❞② ♦❢ ❧✐+❡&❛+✉&❡ &❛✐$❡$ ❝♦♥❝❡&♥$ ❛❜♦✉+ +❤❡✐& ❡✛❡❝+✐✈❡♥❡$$ ✭❉&♦✐+✲
❝♦✉& ❡+ ❛❧✳✱ ✶✾✾✶❀ ▲❛♥❞$❤❡❡& ❡+ ❛❧✳✱ ✶✾✾✾❀ ❈♦✉++$ ❡+ ❛❧✳✱ ✷✵✶✶❀ ❲♦❧+❡&✱ ✷✵✶✷❀ ❲♦❧+❡&
❛♥❞ ▲❛✐❡&✱ ✷✵✶✹❀ ❍R❣❧✐♥❣❡& ❛♥❞ ❉✐❡❦♠❛♥♥✱ ✷✵✶✼❀ ❍♦✛♠❛♥♥ ❡+ ❛❧✳✱ ✷✵✶✼❀ ❍R❣❧✐♥❣❡&
❛♥❞ ❏❛♥♥✱ ✷✵✶✽✮✳ ▼❛♥② ♦❢ +❤❡ $+✉❞✐❡$ ❡①♣❧♦&✐♥❣ +❤❡ ❡✣❝❛❝② ♦❢ ✐♥❞✐&❡❝+ 2✉❡$+✐♦♥✐♥❣
+❡❝❤♥✐2✉❡$ $❡❡♠ +♦ ❜❛$❡ +❤❡✐& ✐♥✈❡$+✐❣❛+✐♦♥$ ♦♥ +❤&❡❡ ❛$$✉♠♣+✐♦♥$✿ ✭✶✮ &❡$♣♦♥❞❡♥+$
❝♦♠♣&❡❤❡♥❞ +❤❡ ♠❡+❤♦❞$❀ ✭✷✮ ❝♦&&❡❝+❧② ❢♦❧❧♦✇ +❤❡ ✐♥$+&✉❝+✐♦♥$❀ ❛♥❞ ✭✸✮ ❛♥$✇❡& +&✉+❤✲
❢✉❧❧②✳ ❍♦✇❡✈❡&✱ &❡❝❡♥+ &❡$❡❛&❝❤ &❛✐$❡$ ❞♦✉❜+ ❛❜♦✉+ +❤❡$❡ ❛$$✉♠♣+✐♦♥$✱ $✉❣❣❡$+✐♥❣ +❤❡
♦❝❝✉&&❡♥❝❡ ♦❢ ❢❛❧$❡ ♥❡❣❛+✐✈❡$ ♦& ❢❛❧$❡ ♣♦$✐+✐✈❡$✱ ✇❤✐❝❤ ♠❛② ❜❡ +❤❡ &❡$✉❧+ ♦❢ +❤❡ ❞❡✲
$✐❣♥ ✐♥ ❣❡♥❡&❛❧ ❛♥❞✴♦& ❛ ❝♦♥$❡2✉❡♥❝❡ ♦❢ +❤❡ &❡$♣♦♥❞❡♥+$✬ ❝♦❣♥✐+✐✈❡ ♣&♦❝❡$$✐♥❣ ♦❢ +❤❡
2✉❡$+✐♦♥ ❢♦&♠❛+$ ✭❱❛♥ ❉❡& ❍❡✐❥❞❡♥ ❡+ ❛❧✳✱ ✷✵✵✵❀ ❲♦❧+❡&✱ ✷✵✶✷❀ ▼♦$❤❛❣❡♥ ❡+ ❛❧✳✱ ✷✵✶✹❀
❑✐&❝❤♥❡&✱ ✷✵✶✺❀ ❍R❣❧✐♥❣❡& ❛♥❞ ❉✐❡❦♠❛♥♥✱ ✷✵✶✼❀ ❍♦✛♠❛♥♥ ❡+ ❛❧✳✱ ✷✵✶✼❀ ❍R❣❧✐♥❣❡& ❛♥❞
❏❛♥♥✱ ✷✵✶✽✮✳
❆&❣✉❛❜❧②✱ +❤❡ ■❈❚✱ ❈▼ ❛♥❞ ❚▼ ✐♠♣♦$❡ ❛ ❤✐❣❤❡& ❝♦❣♥✐+✐✈❡ ❜✉&❞❡♥ ♦♥ &❡$♣♦♥❞❡♥+$
+❤❛♥ ❞✐&❡❝+ 2✉❡$+✐♦♥$✳ ❲❤✐❧❡ +❤❡✐& ❞❡$✐❣♥ ✐$ ♠♦&❡ ❝♦♠♣❧❡①✱ ❣✐✈❡♥ ❧♦♥❣ ✐♥$+&✉❝+✐♦♥$
❛♥❞ ❞❡♥$❡ ✐♥❢♦&♠❛+✐♦♥✱ &❡$♣♦♥❞❡♥+$ ❤❛✈❡ ❧✐++❧❡ +✐♠❡ +♦ &❡$♣♦♥❞ ✐♥ +❤❡ $✉&✈❡② $✐+✲
✉❛+✐♦♥ ✭❡✳❣✳✱ ❋♦✇❧❡&✱ ✶✾✾✺❀ ❋♦✇❧❡& ❏& ❛♥❞ ❈♦$❡♥③❛✱ ✷✵✵✾✮✳ ]&❡✈✐♦✉$ &❡$❡❛&❝❤ ❤❛$
$+✉❞✐❡❞ ✇❤❡+❤❡& &❡$♣♦♥❞❡♥+$ ✉♥❞❡&$+❛♥❞ ❛♥❞ +&✉$+ ❘❘❚ ❛♥❞ ■❈❚ ❢♦&♠❛+$ ✭❡✳❣✳✱
❈♦✉++$ ❡+ ❛❧✳✱ ✷✵✶✶❀ ❲♦❧+❡&✱ ✷✵✶✷❀ ❲♦❧+❡& ❛♥❞ ▲❛✐❡&✱ ✷✵✶✹❀ ❍R❣❧✐♥❣❡& ❛♥❞ ❉✐❡❦♠❛♥♥✱
✸✳ ■♥ $❤❡ ❧✐$❡)❛$✉)❡ $❤❡ ■❈❚ ✐. ❛❧.♦ ❝♦♠♠♦♥❧② )❡❢❡))❡❞ $♦ ❛. ❧✐.$ ❡①♣❡)✐♠❡♥$ ♦) ✉♥♠❛$❝❤❡❞ ❝♦✉♥$
$❡❝❤♥✐7✉❡✳
✶✷✽
✷✵✶✼❀ ❍&❣❧✐♥❣❡, ❛♥❞ ❏❛♥♥✱ ✷✵✶✽✮✳ ❖♥❧② ❢❡✇ 89✉❞✐❡8 ❤❛✈❡ ✐♥✈❡89✐❣❛9❡❞ 9❤❡ ❞✐,❡❝9
❧✐♥❦ ❜❡9✇❡❡♥ ❝♦♠♣,❡❤❡♥8✐♦♥✱ 9,✉89 ❛♥❞ ❤♦♥❡89②✱ ❛8 ✇❡❧❧ ❛8 9❤❡ ✈❛❧✐❞✐9② ♦❢ 9❤❡8❡ ✐♥❞✐✲
,❡❝9 D✉❡89✐♦♥✐♥❣ 9❡❝❤♥✐D✉❡8 ✭❉,♦✐9❝♦✉, ❡9 ❛❧✳✱ ✶✾✾✶❀ ▲❛♥❞8❤❡❡, ❡9 ❛❧✳✱ ✶✾✾✾❀ ❲♦❧9❡,✱
✷✵✶✷❀ ❍♦✛♠❛♥♥ ❡9 ❛❧✳✱ ✷✵✶✼✮✳ ❚❤❡ ❡✈✐❞❡♥❝❡ ✐8 ♠✐①❡❞✳ ❋♦, ❡①❛♠♣❧❡✱ ✇❤✐❧❡ ▲❛♥❞✲
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♦❢ '❤❡ ❧♦♥❣ ❧✐#' ❛♥❞ '❤❡ #❤♦0' ❧✐#'
✭✺✳✶✮ π̂ICT = X̄❧♦♥❣ ❧✐%& − X̄%❤♦(& ❧✐%&
❛♥❞ '❤❡ #❛♠♣❧✐♥❣ ✈❛0✐❛♥❝❡ V ar(π̂ICT ) ✐# ❝❛❧❝✉❧❛'❡❞ ❛# ❢♦❧❧♦✇# ✭❚♦✉0❛♥❣❡❛✉ ❛♥❞ ❨❛♥✱
✷✵✵✼✮✿
✭✺✳✷✮ V ar(π̂ICT ) = V ar(X̄❧♦♥❣ ❧✐%&) + V ar(X̄%❤♦(& ❧✐%&).
❆❧'❡0♥❛'✐✈❡ ❞❡#✐❣♥# ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ✭❉0♦✐'❝♦✉0 ❡' ❛❧✳✱ ✶✾✾✶❀ ●0❛♥' ❡' ❛❧✳✱ ✷✵✶✷❀
●❧②♥♥✱ ✷✵✶✸❀ ●0❛♥' ❡' ❛❧✳✱ ✷✵✶✹✮✱ ❜✉' '❤❡ '0❛❞✐'✐♦♥❛❧ ■❈❚ 0❡♠❛✐♥# '❤❡ ♠♦#' ❝♦♠♠♦♥❧②
✶✸✵
✉!❡❞ ❞❡!✐❣♥✳ ❲❤✐❧❡ ✐+! !✐♠♣❧❡ ✐♠♣❧❡♠❡♥+❛+✐♦♥ ✐! ♦♥❡ ❝♦1❡ ❛❞✈❛♥+❛❣❡✱ ✐+ ❛♣♣❡❛1! +♦
❜❡ ♠♦1❡ ❝❤❛❧❧❡♥❣✐♥❣ +♦ ❝1❡❛+❡ ❛♥ ❛♣♣1♦♣1✐❛+❡ ❡①♣❡1✐♠❡♥+❛❧ ❞❡!✐❣♥✳ ❋♦1 ❡①❛♠♣❧❡✱
!❝❤♦❧❛1! ♠❛② ✉♥❞❡1❡!+✐♠❛+❡ +❤❡ ✐♠♣♦1+❛♥❝❡ ♦❢ +❤❡ !❡❧❡❝+✐♦♥ ♦❢ +❤❡ ✉♥♦❜+1✉!✐✈❡ ✐+❡♠!✱
✇❤✐❝❤ ♥❡❡❞ +♦ ❝♦✈❡1 ✉♣ +❤❡ !❡♥!✐+✐✈❡ ❝❤❛1❛❝+❡1✐!+✐❝ !✉✣❝✐❡♥+❧② ✭❚!✉❝❤✐②❛ ❡+ ❛❧✳✱ ✷✵✵✼✮✿
❚♦ ❛✈♦✐❞ +❤❡ ❧♦!! ♦❢ ♣1✐✈❛❝② ♣1♦+❡❝+✐♦♥ ❞✉❡ +♦ ✢♦♦1 ❛♥❞ ❝❡✐❧✐♥❣ ❡✛❡❝+!✱ ✇❤✐❝❤ ❛1✐!❡
✇❤❡♥ 1❡!♣♦♥❞❡♥+! ❡✐+❤❡1 ❞✐!❛❣1❡❡ ♦1 ❛❣1❡❡ ✇✐+❤ ❛❧❧ ✐+❡♠! ♦♥ +❤❡ ❧✐!+✱ 1❡!❡❛1❝❤❡1!
♥❡❡❞ +♦ ❡♥!✉1❡ ❡♥♦✉❣❤ ✈❛1✐❛+✐♦♥ ✐♥ +❤❡ ♣1❡✈❛❧❡♥❝❡ ♦❢ +❤❡ ✉♥♦❜+1✉!✐✈❡ ✐+❡♠!✳
✹
■+ ✐!
1❡❝♦♠♠❡♥❞❡❞ +♦ ✐♥❝❧✉❞❡ ❛+ ❧❡❛!+ ♦♥❡ ✐+❡♠ ✇✐+❤ ❛ ✈❡1② ❧♦✇ ♣1❡✈❛❧❡♥❝❡ ❛♥❞ ♦♥❡ ✐+❡♠
✇✐+❤ ❛ ✈❡1② ❤✐❣❤ ♣1❡✈❛❧❡♥❝❡✱ ❛❧♦♥❣ ✇✐+❤ ❛ ❢❡✇ ✐+❡♠! +❤❛+ ✈❛1② ✐♥ +❤❡ ❢1❡E✉❡♥❝② ✇✐+❤
✇❤✐❝❤ +❤❡② ♦❝❝✉1✳
❆♠♦♥❣ ♦+❤❡1 +❤✐♥❣!✱ ♣1✐♦1 1❡!❡❛1❝❤ ❤❛! ✐♠♣❧❡♠❡♥+❡❞ +❤❡ ■❈❚ +♦ !+✉❞② +❤❡❢+✱ !❤♦♣❧✐❢+✲
✐♥❣✱ ❝1✐♠❡✱ !❡①✉❛❧ ♣1❡❢❡1❡♥❝❡!✱ ❛++✐+✉❞❡! +♦ ♠✐♥♦1✐+② ❣1♦✉♣!✱ ❛♥❞ ✈♦+✐♥❣ ❜❡❤❛✈✐♦✉1
✭❡✳❣✳✱ ❉❛❧+♦♥ ❡+ ❛❧✳✱ ✶✾✾✹❀ ●✐❧❡♥! ❡+ ❛❧✳✱ ✶✾✾✽❀ ▲❛❇1✐❡ ❛♥❞ ❊❛1❧❡②✇✐♥❡✱ ✷✵✵✵❀ ❘❛②❜✉1♥
❡+ ❛❧✳✱ ✷✵✵✸❀ ❇✐❡♠❡1 ❛♥❞ ❇1♦✇♥✱ ✷✵✵✺❀ ❚!✉❝❤✐②❛ ❡+ ❛❧✳✱ ✷✵✵✼❀ ❍♦❧❜1♦♦❦ ❛♥❞ ❑1♦!♥✐❝❦✱
✷✵✶✵❀ ❉Y❛③✲❈❛②❡1♦! ❡+ ❛❧✳✱ ✷✵✶✶❀ ❈♦♠➩❛ ❛♥❞ \♦!+❡❧♥✐❝✉✱ ✷✵✶✷❀ ❲♦❧+❡1 ❛♥❞ ▲❛✐❡1✱ ✷✵✶✹❀
❚❤♦♠❛! ❡+ ❛❧✳✱ ✷✵✶✻✮✳ ❚❤❡ 1❡!✉❧+! !✉❣❣❡!+ +❤❛+ +❤❡ ■❈❚ ♠✐❣❤+ ❛+ ❧❡❛!+ ❜❡ ❛♥ ❛♣✲
♣1♦♣1✐❛+❡ ♠❡+❤♦❞ +♦ ❝❛♣+✉1❡ !♦❝✐❛❧❧② ✉♥❞❡!✐1❛❜❧❡✱ ✐♥❢1❡E✉❡♥+❧② ♣1❛❝+✐!❡❞ ❜❡❤❛✈✐♦✉1✳
❍♦✇❡✈❡1✱ ✐+ !❡❡♠! +♦ ❜❡ ❧❡!! ❡✛❡❝+✐✈❡ ✐♥ ❝❛♣+✉1✐♥❣ !♦❝✐❛❧❧② ❞❡!✐1❛❜❧❡ ❜❡❤❛✈✐♦✉1✱ ❡✈❡♥✲
+✉❛❧❧② ✉♥❞❡1!+❛+✐♥❣ !♦❝✐❛❧ ❞❡!✐1❛❜✐❧✐+② ❜✐❛! ✇❤❡♥ ❤✐❣❤✲✐♥❝✐❞❡♥❝❡ ❞❡!✐1❛❜❧❡ ❜❡❤❛✈✐♦✉1
✐! ❝❛♣+✉1❡❞ ✭❉❡ ❏♦♥❣❡ ❛♥❞ ◆✐❝❦❡1!♦♥✱ ✷✵✶✹❀ ❚❤♦♠❛! ❡+ ❛❧✳✱ ✷✵✶✻✮✳
✺✳✷✳✷ ❚❤❡ ❧♦❣✐❝ ♦❢ ,❤❡ ❈▼ ❛♥❞ ❚▼
▼❛♥② ❘❘❚ 1❡❧② ♦♥ 1❛♥❞♦♠✐③❛+✐♦♥ ❞❡✈✐❝❡! +♦ ♦❜!❝✉1❡ +❤❡ !✉1✈❡② 1❡!♣♦♥!❡! ✐♥ ❛ ✇❛②
!♦ +❤❛+ ♥❡✐+❤❡1 ✐♥+❡1✈✐❡✇❡1! ♥♦1 1❡!❡❛1❝❤❡1! ❛1❡ ❛❜❧❡ +♦ ✐❞❡♥+✐❢② ✇❤❡+❤❡1 ♦1 ♥♦+ +❤❡
!❡♥!✐+✐✈❡ ❝❤❛1❛❝+❡1✐!+✐❝ ❛♣♣❧✐❡! +♦ +❤❡ ♣❛1+✐❝✉❧❛1 1❡!♣♦♥❞❡♥+ ✭❲❛1♥❡1✱ ✶✾✻✺❀ ❍♦1✈✐+③
❡+ ❛❧✳✱ ✶✾✻✽❀ ●1❡❡♥❜❡1❣ ❡+ ❛❧✳✱ ✶✾✻✾❀ ❇♦1✉❝❤✱ ✶✾✼✶❀ ❑✉❦✱ ✶✾✾✵❀ ❯♠❡!❤ ❛♥❞ \❡+❡1!♦♥✱
✶✾✾✶❀ ❈❧❛1❦ ❛♥❞ ❉❡!❤❛1♥❛✐!✱ ✶✾✾✽❀ ▲❡♥!✈❡❧+✲▼✉❧❞❡1! ❡+ ❛❧✳✱ ✷✵✵✺❀ ❑1✉♠♣❛❧ ❡+ ❛❧✳✱
✷✵✶✺✮✳ ❚❤✐! ✐! ♣♦!!✐❜❧❡ ❜❡❝❛✉!❡ +❤❡ ♣1♦❜❛❜✐❧✐+✐❡! ♦❢ +❤❡ 1❛♥❞♦♠✐③❛+✐♦♥ ❞❡✈✐❝❡ ❛1❡
❦♥♦✇♥ ❛♥❞ !✐♠♣❧❡ ♣1♦❜❛❜✐❧✐+② ♠❡+❤♦❞! ❛❧❧♦✇ ♦♥❡ +♦ ❡!+✐♠❛+❡ +❤❡ ♣1❡✈❛❧❡♥❝❡ ♦❢ +❤❡
✹✳ ❋❧♦♦% ❡✛❡❝)*✱ ✐✳❡✳✱ %❡❝♦♥*)%✉❝)✐♥❣ ❛ ❧✐*) ✇✐)❤ ❧♦✇ ♣%❡✈❛❧❡♥❝❡ ✐)❡♠*✱ ❛%❡ ♣%♦❜❧❡♠❛)✐❝ ❛* %❡✲
*♣♦♥❞❡♥)* ♠❛② ❜❡ ❛❧❡%)❡❞ ❜② ❛ )❤❡ ❧♦✇ ♣%❡✈❛❧❡♥❝❡ ❧✐*) ✕ ♠❛♥② ♠❛② ❤❛✈❡ ❡♥❣❛❣❡❞ ✐♥ ♥♦♥❡ ♦❢ )❤❡
❜❡❤❛✈✐♦✉%*✱ ✇❤✐❝❤ ❝❛✉*❡* *✉*♣✐❝✐♦♥✳ ❈❡✐❧✐♥❣ ❡✛❡❝)*✱ ✐✳❡✳✱ ❝♦♥*)%✉❝)✐♥❣ ❛ ❧✐*) ✇✐)❤ ♦♥❧② ❤✐❣❤ ♣%❡✈❛✲
❧❡♥❝❡ ✐)❡♠*✱ ♠❛② ❛❧❧♦✇ )❤❛) )❤❡ *❡♥*✐)✐✈❡ ❝❤❛%❛❝)❡%✐*)✐❝ ✐* %❡✈❡❛❧❡❞ ❛♥❞ ❡♥❝♦✉%❛❣❡ %❡*♣♦♥❞❡♥)* )♦
❛♥*✇❡% ❞✐*❤♦♥❡*)❧② ✭●❧②♥♥✱ ✷✵✶✸✮✳ ❘❡*❡❛%❝❤ ♦♥ )❤❡ ■❈❚ *✉❣❣❡*)* )❤❛) ✢♦♦% ❛♥❞ ❝❡✐❧✐♥❣ ❡✛❡❝)* ♠❛②
♦❝❝✉%✱ ✇❤✐❝❤ ❝❛♥ ❜✐❛* )❤❡ %❡*✉❧)✐♥❣ ❡*)✐♠❛)❡✳ ❲❤✐❧❡ ♠❡)❤♦❞* ❤❛✈❡ ❜❡❡♥ ♣%♦♣♦*❡❞ )♦ *)❛)✐*)✐❝❛❧❧②
❝♦♥)%♦❧ ❛♥❞ )❡*) ❢♦% )❤❡*❡ ❡✛❡❝)* ✭❇❧❛✐% ❛♥❞ ■♠❛✐✱ ✷✵✶✷✮✱ )❤❡② %❡♠❛✐♥ ❛♥ ✐**✉❡ )❤❛) ❡**❡♥)✐❛❧❧② ♥❡❡❞*
)♦ ❜❡ ❛❞❞%❡**❡❞ ❛♥❞ ❝❛%❡❢✉❧❧② ❡✈❛❧✉❛)❡❞ ❛) )❤❡ ❞❡*✐❣♥ *)❛❣❡ ✭❚*✉❝❤✐②❛ ❡) ❛❧✳✱ ✷✵✵✼❀ ❇❧❛✐% ❡) ❛❧✳✱
✷✵✶✵❀ ●❧②♥♥✱ ✷✵✶✸✮✳
✶✸✶
 ❡♥ ✐$✐✈❡ ❝❤❛)❛❝$❡)✐ $✐❝✳ ❍♦✇❡✈❡)✱ $❤❡ ✉ ❡ ♦❢ ❛✉①✐❧✐❛)② ❞❡✈✐❝❡ ✱  ✉❝❤ ❛ ❝♦✐♥ ♦) ❞✐❝❡✱
✐♥  ✉)✈❡②  ✐$✉❛$✐♦♥ ♠❛② )❡ ✉❧$ ✐♥ )❡❢✉ ❛❧ ✱ ❜)❡❛❦✲♦✛ ♦) ✐♥ ❞✐ ❤♦♥❡ $ ♦)  ❡❧❢✲♣)♦$❡❝$✐✈❡
❵♥♦✬✲❛♥ ✇❡) ✭❯❧)✐❝❤ ❡$ ❛❧✳✱ ✷✵✶✷❀ ❑)✉♠♣❛❧ ❡$ ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ ❈▼ ❛♥❞ ❚▼ ♦✈❡)❝♦♠❡
$❤❡ ♣)♦❜❧❡♠ ♦❢ ✉ ✐♥❣ ❛✉①✐❧✐❛)② ❞❡✈✐❝❡ ✐♥  ✉)✈❡② ❜② ✐♠♣❧❡♠❡♥$✐♥❣ )❛♥❞♦♠✐③❛$✐♦♥ ✐♥
$❤❡ K✉❡ $✐♦♥ ❞❡ ✐❣♥ ✭❨✉ ❡$ ❛❧✳✱ ✷✵✵✽✮✳
❇♦$❤ $❡❝❤♥✐K✉❡ )❡❧② ♦♥ $✇♦  ✐♠♣❧❡ K✉❡ $✐♦♥ ✱ ❛ ♥♦♥✲ ❡♥ ✐$✐✈❡ ♦♥❡ ✇✐$❤ ❦♥♦✇♥ ♣)♦❜✲
❛❜✐❧✐$✐❡ ✱ $②♣✐❝❛❧❧② ❛ ❦✐♥❣ ✇❤❡$❤❡) ❛ ❝❧♦ ❡ ♣❡) ♦♥✬ ❜✐)$❤❞❛② ✭❡✳❣✳✱ ♠♦$❤❡)✱ ❢❛$❤❡) ♦)
❢)✐❡♥❞✮ ✐ ✐♥ ❛ ♣❛)$✐❝✉❧❛) ♠♦♥$❤ ✭❡✳❣✳✱ ❖❝$♦❜❡)✱ ◆♦✈❡♠❜❡) ♦) ❉❡❝❡♠❜❡)✮✱
✺
❛♥❞ ❛
K✉❡ $✐♦♥ ❛❜♦✉$ $❤❡  ❡♥ ✐$✐✈❡ ❝❤❛)❛❝$❡)✐ $✐❝✳ ❘❡ ♣♦♥❞❡♥$ ❛)❡ ✐♥ $)✉❝$❡❞ $♦ ♣)♦✈✐❞❡
♦♥❧② ♦♥❡ ❥♦✐♥$ ❛♥ ✇❡) $♦ ❜♦$❤ K✉❡ $✐♦♥ ✭❯❧)✐❝❤ ❡$ ❛❧✳✱ ✷✵✶✷❀ ❑♦)♥❞T)❢❡) ❡$ ❛❧✳✱ ✷✵✶✹❀
❍T❣❧✐♥❣❡) ❡$ ❛❧✳✱ ✷✵✶✻✮✳
❋♦) $❤❡ ❈▼ )❡ ♣♦♥❞❡♥$ ❝❤♦♦ ❡ ❜❡$✇❡❡♥ ❝♦❞❡ ✭❆✮✱ ♠❡❛♥✐♥❣ $❤❡ ❛♥ ✇❡) $♦ $❤❡ $✇♦
K✉❡ $✐♦♥ ❛)❡ ❜♦$❤ ❵♥♦✬ ♦) ❜♦$❤ ❵②❡ ✬✱ ❛♥❞ ❝♦❞❡ ✭❇✮✱ ♠❡❛♥✐♥❣ $❤❡ ❛♥ ✇❡) $♦ $❤❡ $✇♦
K✉❡ $✐♦♥ ❞✐✛❡)✱ ✐✳❡✳✱ ♦♥❡ ✐ ❵♥♦✬ ❛♥❞ ♦♥❡ ✐ ❵②❡ ✬✳ ❚❤❡ ❚▼ ♣♦$❡♥$✐❛❧❧② ♦✛❡) ♠♦)❡
♣)♦$❡❝$✐♦♥ ❛❧❧♦✇✐♥❣ ❛ ❝♦❞❡ ✭❆✮✱ ♠❡❛♥✐♥❣ $❤❡ ❛♥ ✇❡) $♦ ❜♦$❤ K✉❡ $✐♦♥ ✐ ❵♥♦✬✱ ❛♥❞
❛ ❝♦❞❡ ✭❇✮✱ ♠❡❛♥✐♥❣ $❤❡ ❛♥ ✇❡) ✐ ❵②❡ ✬ $♦ ❛$ ❧❡❛ $ ♦♥❡ ♦❢ $❤❡ K✉❡ $✐♦♥ ✳ ●✐✈❡♥ $❤❛$
✭✶✮ $❤❡ )❡ ♣♦♥ ❡ ❝♦❞❡ $♦ ❜♦$❤ K✉❡ $✐♦♥ ❛)❡ ❜✐♥❛)②❀ ✭✷✮ $❤❡ ♥♦♥✲ ❡♥ ✐$✐✈❡ ❜❡❤❛✈✐♦✉)
✐ ✉♥)❡❧❛$❡❞ $♦ $❤❡  ❡♥ ✐$✐✈❡ ♦♥❡❀ ❛♥❞ ✭✸✮ $❤❡ ♥♦♥✲ ❡♥ ✐$✐✈❡ ❜❡❤❛✈✐♦✉) ❤❛ ❛ ❦♥♦✇♥
♣)♦❜❛❜✐❧✐$② p✱ ✐$ ✐ ♣♦  ✐❜❧❡ $♦ ❡ $✐♠❛$❡ $❤❡ ♣)❡✈❛❧❡♥❝❡ ♦❢ $❤❡  ❡♥ ✐$✐✈❡ ❝❤❛)❛❝$❡)✐ $✐❝
♦♥ $❤❡  ❛♠♣❧❡ ✭❑)✉♠♣❛❧ ❡$ ❛❧✳✱ ✷✵✶✺✮✳





, p 6= 0.5 ,
✇❤❡)❡ p ✐ $❤❡ ❦♥♦✇♥ ♣♦♣✉❧❛$✐♦♥ ♣)❡✈❛❧❡♥❝❡ ♦❢ $❤❡ ♥♦♥✲ ❡♥ ✐$✐✈❡ ✐$❡♠ ✭❨✉ ❡$ ❛❧✳✱
✷✵✵✽✮✳ ❆  ✉♠✐♥❣ ❛ ✉♥✐❢♦)♠ ✭❨✉ ❡$ ❛❧✳✱ ✷✵✵✽✮ ❜✐)$❤❞❛② ❞✐ $)✐❜✉$✐♦♥✱ $❤❡ ♣)♦❜❛❜✐❧✐$②
♦❢ ❜❡✐♥❣ ❜♦)♥ ✐♥ ❖❝$♦❜❡)✱ ◆♦✈❡♠❜❡) ♦) ❉❡❝❡♠❜❡) ✐ p = 0.25 ✭❏❛♥♥ ❡$ ❛❧✳✱ ✷✵✶✷✮✳ λ̂
✐ $❤❡ ♣)♦♣♦)$✐♦♥ ♦❢ )❡ ♣♦♥❞❡♥$  $❛$✐♥❣ $❤❛$ $❤❡✐) ❛♥ ✇❡) $♦ ❜♦$❤ $❤❡ ❜✐)$❤❞❛② ❛♥❞
$❤❡  ❡♥ ✐$✐✈❡ K✉❡ $✐♦♥ ✐ $❤❡  ❛♠❡ ✭♦♣$✐♦♥ ✭❆✮✮✳ ❚❤❡  ❛♠♣❧✐♥❣ ✈❛)✐❛♥❝❡ V ar(π̂CM) ✐ 
❝❛❧❝✉❧❛$❡❞ ❛ ❢♦❧❧♦✇ ✿
✺✳❖#❤❡& '✉❡)#✐♦♥) ✇✐#❤ ❦♥♦✇♥ ♣&♦❜❛❜✐❧✐#✐❡)✱ )✉❝❤ ❛) ❇❡♥❢♦&❞✬) ❧❛✇ ❧♦♦❦✐♥❣ ❛# ❤♦✉)❡ ♥✉♠❜❡&)
❤❛✈❡ ❜❡❡♥ #❡)#❡❞ ✭❑✉♥❞#✱ ✷✵✶✹❀ ❙❝❤♥❡❧❧ ❡# ❛❧✳✱ ✷✵✶✾✮✳
✶✸✷









, p 6= 0.5 .
❇② ❝♦♥*+❛-*✱ *❤❡ ♣+❡✈❛❧❡♥❝❡ π ♦❢ *❤❡ -❡♥-✐*✐✈❡ ❜❡❤❛✈✐♦✉+ ✐♥ *❤❡ ❚▼ ❝❛♥ ❜❡ ❡-*✐♠❛*❡❞
❜②




✇❤❡+❡ p ✐- *❤❡ ❦♥♦✇♥ ♣♦♣✉❧❛*✐♦♥ ♣+❡✈❛❧❡♥❝❡ ♦❢ *❤❡ ♥♦♥✲-❡♥-✐*✐✈❡ ✐*❡♠ ✭✐♥ *❤❡ ❜✐+*❤❞❛②
❡①❛♠♣❧❡✱ p = 0.25✮ ❛♥❞ λ̂ ✐- *❤❡ ♣+♦♣♦+*✐♦♥ ♦❢ +❡-♣♦♥❞❡♥*- -*❛*✐♥❣ *❤❛* *❤❡✐+ ❛♥-✇❡+
*♦ ❜♦*❤ *❤❡ ❜✐+*❤❞❛② ❛♥❞ *❤❡ -❡♥-✐*✐✈❡ A✉❡-*✐♦♥ ✐- ❵♥♦✬ ✭♦♣*✐♦♥ ✭❆✮✮✳ ❚❤❡ -❛♠♣❧✐♥❣
✈❛+✐❛♥❝❡ V ar(π̂TM) ✐- ❝❛❧❝✉❧❛*❡❞ ❛- ❢♦❧❧♦✇- ✭❨✉ ❡* ❛❧✳✱ ✷✵✵✽✮✿







❚❤❡ +❡-✉❧*- +❡❣❛+❞✐♥❣ *❤❡ ❡✛❡❝*✐✈❡♥❡-- ♦❢ *❤❡ ❈▼ ❛♥❞ ❚▼ ❛+❡ ♠✐①❡❞✳ ▼❛♥② ♣+❡✲
✈✐♦✉- -*✉❞✐❡- ✉-✐♥❣ *❤❡ ❈▼ ♦+ *❤❡ ❚▼ ♣♦-✐* *❤❛* *❤❡ ♠❡*❤♦❞- -✐❣♥✐✜❝❛♥*❧② +❡❞✉❝❡
✉♥❞❡+✲+❡♣♦+*✐♥❣ ♦❢ -❡♥-✐*✐✈❡ ❝❤❛+❛❝*❡+✐-*✐❝-✱ -✉❝❤ ❛- ♣❧❛❣✐❛+✐-♠✱ ❝❤❡❛*✐♥❣ ✐♥ ❣❛♠❡-✱
-✉❜-*❛♥❝❡ ❛❜✉-❡✱ -❡①✉❛❧ ❜❡❤❛✈✐♦✉+✱ *❛① ❡✈❛-✐♦♥✱ ✉♥❞❡❝❧❛+❡❞ ❡♠♣❧♦②♠❡♥*✱ -❤♦♣❧✐❢*✲
✐♥❣✱ ❳❡♥♦♣❤♦❜✐❛ ❛♥❞ ■-❧❛♠♦♣❤♦❜✐❛ ✭❈♦✉**- ❡* ❛❧✳✱ ✷✵✶✶❀ ❏❛♥♥ ❡* ❛❧✳✱ ✷✵✶✷❀ ❑+✉♠♣❛❧✱
✷✵✶✷❀ ❏❡+❦❡ ❛♥❞ ❑+✉♠♣❛❧✱ ✷✵✶✸❀ ◆❛❦❤❛❡❡ ❡* ❛❧✳✱ ✷✵✶✸❀ ❑♦+♥❞V+❢❡+ ❡* ❛❧✳✱ ✷✵✶✹❀ ❑✉♥❞*✱
✷✵✶✹❀ ❙❤❛♠-✐♣♦✉+ ❡* ❛❧✳✱ ✷✵✶✹❀ ❱❛❦✐❧✐❛♥ ❡* ❛❧✳✱ ✷✵✶✹❀ ❍♦✛♠❛♥♥ ❡* ❛❧✳✱ ✷✵✶✺❀ ❍♦✛♠❛♥♥
❛♥❞ ▼✉-❝❤✱ ✷✵✶✻❀ ❍V❣❧✐♥❣❡+ ❡* ❛❧✳✱ ✷✵✶✻❀ ❑✉♥❞* ❡* ❛❧✳✱ ✷✵✶✼❀ ❱❛❦✐❧✐❛♥ ❡* ❛❧✳✱ ✷✵✶✻❀ ❏♦✲
❤❛♥♥ ❛♥❞ ❚❤♦♠❛-✱ ✷✵✶✼❀ ❍V❣❧✐♥❣❡+ ❛♥❞ ❏❛♥♥✱ ✷✵✶✽✮✳ ❍♦✇❡✈❡+✱ *❤✐- ❞♦❡- ♥♦* -❡❡♠ *♦
❛♣♣❧② *♦ ❛❧❧ *❡-*❡❞ ✐*❡♠- ❛♥❞ -*✉❞✐❡-✳ ❙♦♠❡ +❡-❡❛+❝❤ ✐♥❞✐❝❛*❡- -♠❛❧❧ ❛♥❞ -*❛*✐-*✐❝❛❧❧②
✐♥-✐❣♥✐✜❝❛♥* ❞✐✛❡+❡♥❝❡- ❢♦+ ✐*❡♠- ✐♥ *❤❡ -❛♠❡ *♦♣✐❝❛❧ ❛+❡❛- ✭❈♦✉**- ❡* ❛❧✳✱ ✷✵✶✶❀ ❏❛♥♥
❡* ❛❧✳✱ ✷✵✶✷❀ ❙❤❛♠-✐♣♦✉+ ❡* ❛❧✳✱ ✷✵✶✹❀ ❑✉♥❞* ❡* ❛❧✳✱ ✷✵✶✼❀ ❏♦❤❛♥♥ ❛♥❞ ❚❤♦♠❛-✱ ✷✵✶✼❀
❍V❣❧✐♥❣❡+ ❛♥❞ ❏❛♥♥✱ ✷✵✶✽❀ ❙❝❤♥❡❧❧ ❡* ❛❧✳✱ ✷✵✶✾✮✳ ❋✉+*❤❡+♠♦+❡✱ ❙❝❤♥❡❧❧ ❡* ❛❧✳ ✭✷✵✶✾✮
♥♦*❡❞ *❤❛* ♠❛♥② -*✉❞✐❡- ❛+❡ ✐♠♣❧❡♠❡♥*❡❞ ♦♥ ♥♦♥✲♣+♦❜❛❜✐❧✐*② -❛♠♣❧❡-✱ -✉❣❣❡-*✐♥❣
*❤❛* *❤❡ ❡✛❡❝*✐✈❡♥❡-- ♦❢ *❤❡-❡ ♠❡*❤♦❞- ❤❛- ②❡* *♦ ❜❡ ❝♦♥✜+♠❡❞ ✇❤❡♥ ♣+♦❜❛❜✐❧✐*②
-❛♠♣❧❡- ♦❢ ❣❡♥❡+❛❧ ♣♦♣✉❧❛*✐♦♥- ❛+❡ ❝♦♥❝❡+❡♥❞✳
✶✸✸
✺✳✷✳✸ ❖♥ &❤❡ ❡✛❡❝&✐✈❡♥❡-- ♦❢ ■❈❚✱ ❈▼ ❛♥❞ ❚▼
❊✈❡♥ $❤♦✉❣❤ ❛ ❧❛+❣❡ ♥✉♠❜❡+ ♦❢ /$✉❞✐❡/ ❤❛✈❡ ❛+❣✉❛❜❧② ♣+♦❞✉❝❡❞ ♠♦+❡ ✈❛❧✐❞ ❡/$✐♠❛$❡/
$❤❛♥ ❞✐+❡❝$ 5✉❡/$✐♦♥/✱ ❞♦✉❜$ ❤❛/ ❜❡❡♥ ✈♦✐❝❡❞ $❤❛$ $❤❡ ♠❡$❤♦❞/ ♠❛② ♥♦$ ✇♦+❦ ❛/ ✇❡❧❧
❛/ ♣+❡✈✐♦✉/❧② ❛♥$✐❝✐♣❛$❡❞ ❛♥❞ ♣+♦❞✉❝❡ ❢❛❧/❡ ♥❡❣❛$✐✈❡/✱ ✐✳❡✳✱ +❡/♣♦♥❞❡♥$/ ✐♥❝♦++❡❝$❧②
❞❡♥②✐♥❣ $♦ ❝❛++② $❤❡ /❡♥/✐$✐✈❡ $+❛✐$✱ ♦+ ❢❛❧/❡ ♣♦/✐$✐✈❡/✳✱ ✐✳❡✳✱ +❡/♣♦♥❞❡♥$ ✐♥❝♦++❡❝$❧②
/$❛$✐♥❣ $❤❡② ❞♦ ❝❛++② $❤❡ /❡♥/✐$✐✈❡ $+❛✐$✳ ❚❤✐/ ❝❛♥ ❜❡ $❡/$❡❞ ✐♥ ✐♥❞✐✈✐❞✉❛❧✲❧❡✈❡❧ ✈❛❧✐✲
❞❛$✐♦♥ /$✉❞✐❡/ $❤❛$ ❛❧❧♦✇ ❛ ♠❛$❝❤✐♥❣ ♦❢ $❤❡ ❡/$✐♠❛$❡ ❞❡+✐✈❡❞ ♦♥ $❤❡ ❜❛/✐/ ♦❢ ✐♥❞✐+❡❝$
5✉❡/$✐♦♥✐♥❣ ✇✐$❤ ✐♥❞✐✈✐❞✉❛❧ +❡/♣♦♥❞❡♥$/✬ ✏$+✉❡✑ ✈❛❧✉❡✳ ❚❤✐/ +❡/❡❛+❝❤ ❞❡♠♦♥/$+❛$❡/
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❜❡ ✉♥*❡❧❛ ❡❞✱ ❛♥❞ ♦♥❡ ♦❢  ❤❡1❡ ❝♦♥❝❡♣ 1 ❝❛♣ ✉*❡1 1❡♥1✐ ✐✈❡ ✐♥❢♦*♠❛ ✐♦♥✳
❲❤✐❧❡ ❛❧❧ ❢♦*♠❛ 1 ♠❛② ✉1❡ 1✐♠♣❧❡ ❧❛♥❣✉❛❣❡✱  ❤❡ ✐♥ *♦❞✉❝ ♦*②  ❡① 1 ❛*❡ 1✐❣♥✐✜❝❛♥ ❧②
❧♦♥❣❡*  ❤❛♥ ❛♥ ❛✈❡*❛❣❡ ❞✐*❡❝ >✉❡1 ✐♦♥✱ ✇❤✐❝❤ ✐1 ❡1♣❡❝✐❛❧❧② *❡❧❡✈❛♥ ❢♦*  ❤❡ ❈▼ ❛♥❞
 ❤❡ ❚▼✳ ■♥❤❡*❡♥ ❧②✱ ❝♦♥1✐❞❡*✐♥❣ ❧♦♥❣❡*  ❡① ❛♥❞ ♠✉❧ ✐♣❧❡ ❝♦♥❝❡♣ 1✱  ❤❡1❡ ♠❡ ❤♦❞1
❛*❡ ❧❡11 ♣*❡❝✐1❡  ❤❛♥ ❞✐*❡❝ >✉❡1 ✐♦♥ ❢♦*♠❛ 1✳
■♥ ❛❞❞✐ ✐♦♥✱  ❤❡ ♠❡ ❤♦❞1 ❛*❡ ♠♦*❡ ❝♦♠♣❧❡① *❡❣❛*❞✐♥❣  ❤❡ ✐♥❢♦*♠❛ ✐♦♥  ❤❛ ♥❡❡❞1
♣*♦❝❡11✐♥❣✳ ❚❤❡ ■❈❚ *❡>✉✐*❡1 1✐❣♥✐✜❝❛♥ ♠❡♠♦*✐③❛ ✐♦♥ ❛❧♦♥❣ ✇✐ ❤ ❛ ♠❛ ❤❡♠❛ ✐❝❛❧
 ❛1❦✱ ✇❤✐❝❤ ♠❛② 1❡❡♠ 1✐♠♣❧❡✱ ❜✉ ❝♦✉❧❞ ♣♦ ❡♥ ✐❛❧❧② ❝❛✉1❡  ❤❡ *❡1♣♦♥❞❡♥ 1 *❡11
❛♥❞ *❡1✉❧ ✐♥ ❛♥ ✐♥❝♦**❡❝ ❛♥1✇❡*✳ ❚❤❡ ❈▼ ❛♥❞ ❚▼ *❡>✉✐*❡ ❝♦♠♣*❡❤❡♥1✐♦♥ ❛♥❞
♠❡♠♦*✐③❛ ✐♦♥ ♦❢  ✇♦ ✉♥*❡❧❛ ❡❞ >✉❡1 ✐♦♥1✱ *❡ *✐❡✈❛❧ ♦❢  ❤❡ *❡❧❡✈❛♥ ✐♥❢♦*♠❛ ✐♦♥ ❢♦*
❜♦ ❤ >✉❡1 ✐♦♥1 ❛♥❞  *❛♥1❧❛ ✐♦♥ ✐♥ ♦ *❡1♣♦♥1❡ ♦♣ ✐♦♥1  ❤❛ ❛*❡ ♥♦ ✈✐1✉❛❧❧② ❞✐1♣❧❛②❡❞✳
❋✐♥❛❧❧②✱  ❤❡② *❡>✉✐*❡ ❛ ❝♦♥♥❡❝ ✐♦♥ ♦❢ ❜♦ ❤ ❤②♣♦ ❤❡ ✐❝❛❧ *❡1♣♦♥1❡1 ✐♥ ♦ ♦♥❡ ❛♥1✇❡*
 ❤❛  *❛♥1❧❛ ❡1 ✐♥ ♦  ❤❡ ❣✐✈❡♥ *❡1♣♦♥1❡ ♦♣ ✐♦♥1✳
■♥ 1✉♠✱ 1✉*✈❡② *❡1❡❛*❝❤  ❤❡♦*② ♣*♦✈✐❞❡1 ❛ ❧✐1 ♦❢ ♣✐ ❢❛❧❧1 ❢♦*  ❤❡ ■❈❚✱ ❈▼ ❛♥❞ ❚▼
♣♦ ❡♥ ✐❛❧❧②  ♦ ❝❛✉1❡ ♣*♦❜❧❡♠1 ✐♥ ❛ 1✉*✈❡② 1✐ ✉❛ ✐♦♥ ✭❢♦* ❛♥ ♦✈❡*✈✐❡✇✱ 1❡❡ ❛❧1♦ ❲♦❧ ❡*✱
✷✵✶✷✮✳ H❛✐*❡❞ ✇✐ ❤ ♣*❡✈✐♦✉1 ❡♠♣✐*✐❝❛❧ ❡✈✐❞❡♥❝❡ ♦♥  ❤❡ ❡✛❡❝ ✐✈❡♥❡11 ♦❢ ✐♥❞✐*❡❝ >✉❡1✲
 ✐♦♥✐♥❣ ❢♦*♠❛ 1✱ ✐ 1❡❡♠1  ❤❛ ❢✉* ❤❡* *❡1❡❛*❝❤ ✐1 *❡>✉✐*❡❞  ♦ ✉♥❞❡*1 ❛♥❞ ❢✉❧❧② ❤♦✇
*❡1♣♦♥❞❡♥ 1 ♣❡*❝❡✐✈❡  ❤❡1❡  ❡❝❤♥✐>✉❡1 ❛♥❞ ❛♥1✇❡* >✉❡1 ✐♦♥1 ❜❛1❡❞ ♦♥  ❤❡1❡ ♠❡ ❤✲
♦❞1✳ ❚❤✐1 1❡❡♠1  ♦ ❜❡ ❝*✉❝✐❛❧  ♦ ❞*❛✇ ❢✉* ❤❡* ❝♦♥❝❧✉1✐♦♥1 ❛❜♦✉  ❤❡✐* ❡✛❡❝ ✐✈❡♥❡11
✐♥ ✭❜❡  ❡*✮ ❡❧✐❝✐ ✐♥❣ 1❡♥1✐ ✐✈❡ ❝❤❛*❛❝ ❡*✐1 ✐❝1 ❛♥❞ ♠❛❦❡ *❡❝♦♠♠❡♥❞❛ ✐♦♥1  ♦ ✐♠♣*♦✈❡
 ❤❡ ♠❡ ❤♦❞1✳
✺✳✹ ❆❝❛❞❡♠✐❝ ♠✐*❝♦♥❞✉❝.
●♦♦❞ ❛❝❛❞❡♠✐❝ ♣*❛❝ ✐❝❡ ✐1 ❝♦♠♠♦♥❧② ✉♥❞❡*1 ♦♦❞ ❛1 ❜❡❤❛✈✐♦✉*  ❤❛ ❝♦♠♣❧✐❡1 ✇✐ ❤
 ❤❡ ❛❝❛❞❡♠✐❝ ❝♦❞❡ ♦❢ ❣♦♦❞ ♣*❛❝ ✐❝❡ ❛♥❞  ❤❡ ❡ ❤✐❝❛❧ ❣✉✐❞❡❧✐♥❡1 ♦❢ ❛❝❛❞❡♠✐❝ ✐♥1 ✐ ✉✲
 ✐♦♥1✳ ❍♦✇❡✈❡*✱ ✐ ✐1 ♠♦*❡ ❞✐✣❝✉❧  ♦ ❞❡✜♥❡  ❤❡ ❡11❡♥❝❡ ♦❢ ❛❝❛❞❡♠✐❝ ♠✐1❝♦♥❞✉❝ ✳
❚❤✐♥❦✐♥❣ ❛❜♦✉ ♠✐1❝♦♥❞✉❝ ♠♦*❡ ❜*♦❛❞❧②✱ ✐ ✐♥❝❧✉❞❡1 ❛❧❧ ❜❡❤❛✈✐♦✉*1  ❤❛ ✈✐♦❧❛ ❡
 ❤❡ ❝♦❞❡ ♦❢ ❣♦♦❞ ❛❝❛❞❡♠✐❝ ♣*❛❝ ✐❝❡✱ ✐♥❞❡♣❡♥❞❡♥ ❧② ♦❢  ❤❡ 1❡✈❡*✐ ② ♦❢  ❤✐1 ❜*❡❛❝❤✳
❚❤❡ ❞✐1❝♦✉*1❡ ♦❢ ♠✐1❝♦♥❞✉❝ ❞❡♠♦♥1 *❛ ❡1  ❤❛ ✐ ✐1 ♦❢ ❡♥ ❧✐♥❦❡❞  ♦  ❤❡ 1❡✈❡*✐ ②✱
♣❡*❝❡♣ ✐♦♥✱ ❞❡✜♥✐ ✐♦♥✱ ❛1 ✇❡❧❧ ❛1 ❝♦♠♠✉♥✐❝❛ ✐♦♥ ♦❢  ❤❡ *✉❧❡1 ❛♥❞ ✈✐♦❧❛ ✐♦♥1 ✇✐ ❤✐♥
❛♥ ❛❝❛❞❡♠✐❝ ❞✐1❝✐♣❧✐♥❡ ❛♥❞  ♦  ❤❡ ❜*♦❛❞❡* *❡1❡❛*❝❤ ❝♦♠♠✉♥✐ ② ✭❍❡11❡❧♠❛♥♥ ❡ ❛❧✳✱
✷✵✶✹❀ ❍❡11❡❧♠❛♥♥✱ ✷✵✶✽✮✳ ■♥ ❛❞❞✐ ✐♦♥✱  ❤❡ ✈✐1✐❜✐❧✐ ② ♦❢ ❛❝❛❞❡♠✐❝ ♠✐1❝♦♥❞✉❝ ✐1 ♦❢✲
✶✸✼
 ❡♥ #❡❧❛ ✐✈❡❧② ❧♦✇✱ ❣✐✈❡♥  ❤❛ ♠♦/ ✐♥/ ✐ ✉ ✐♦♥/ ❧❛❝❦ ❛ ♣#❡❝✐/❡ ✉♥❞❡#/ ❛♥❞✐♥❣ ♦❢ ✐ 
✭❍❡//❡❧♠❛♥♥ ❡ ❛❧✳✱ ✷✵✶✼✮✳ ❖♥❧② /❡✈❡#❡ ❛♥❞ ✈❡#② ♦❜✈✐♦✉/ ❝❛/❡/ ❛#❡ ♠❛❞❡ ♣✉❜❧✐❝ ❛♥❞
❛#❡ ✇❡❧❧ ❦♥♦✇♥✳ ■♥  ✐♠❡/ ♦❢ ✐♥❝#❡❛/❡❞ ♣#❡//✉#❡ ♦♥ ❛❝❛❞❡♠✐❝/ ✇♦#❦✐♥❣ ✐♥ ♣#♦❣#❡/✲
/✐✈❡❧② ❝♦♠♣❡ ✐ ✐✈❡ ❡❞✉❝❛ ✐♦♥❛❧ /②/ ❡♠/ ✭❡✳❣✳✱ ❏♦❤❛♥♥ ❛♥❞ ◆❡✉❢❡❧❞✱ ✷✵✶✻✮✱ ❛❝❛❞❡♠✐❝
♠✐/❝♦♥❞✉❝ ✐/ ❜❡❧✐❡✈❡❞  ♦ ❜❡ ♦♥  ❤❡ #✐/❡✳
●✐✈❡♥  ❤❡ ❧❛❝❦ ♦❢ ❛♥ ♦✈❡#❛❧❧ ❞❡✜♥✐ ✐♦♥✱ ♠❡❛/✉#✐♥❣ ♠✐/❝♦♥❞✉❝ ✐/ ❝❤❛❧❧❡♥❣✐♥❣✳ ❖❢ ❡♥
#❡/❡❛#❝❤❡#/ ❡/ ✐♠❛ ❡  ❤❡ ❡① ❡♥ ♦❢ /♣❡❝✐✜❝  ②♣❡/ ♦❢ ♠✐/❝♦♥❞✉❝ ❜② ❞✐#❡❝ ❧② ❛/❦✐♥❣
/✉#✈❡② #❡/♣♦♥❞❡♥ /  ♦ ♣#♦✈✐❞❡ ❛ /❡❧❢✲#❡♣♦# ♦❢  ❤❡✐# ♦✇♥ ♠❛❧♣#❛❝ ✐❝❡/ ♦# ❜② ❞✐#❡❝ ❧②
❡♥H✉✐#✐♥❣ ❛❜♦✉  ❤❡ ❢#❡H✉❡♥❝② ✇✐ ❤ ✇❤✐❝❤  ❤❡✐# ❝♦❧❧❡❛❣✉❡/ ❛♥❞ ♣❡❡#/ ❡♥❣❛❣❡ ✐♥ ✉♥❡ ❤✲
✐❝❛❧ ❜❡❤❛✈✐♦✉# ✭❉❛♥✐❡❧ ❡ ❛❧✳✱ ✶✾✾✶❀ ▼❝❈❛❜❡ ❛♥❞ ❚#❡✈✐♥♦✱ ✶✾✾✼❀ O❛ #③❡❦ ❡ ❛❧✳✱ ✷✵✶✺✮✳
❋♦# ✐♥/ ❛♥❝❡✱  ❤❡ ●❡#♠❛♥ ❙❝✐❡♥ ✐/ ❙✉#✈❡② ✷✵✶✻ #❡♣♦# /  ❤❛ ♦♥❡ ✜❢ ❤ ♦❢ ●❡#♠❛♥
❛❝❛❞❡♠✐❝/ ❤❛✈❡ ❜❡❡♥ ❣#❛♥ ❡❞ ❛✉ ❤♦#/❤✐♣ ✇✐ ❤♦✉ ♠❛❦✐♥❣ /✉❜/ ❛♥ ✐❛❧ ❝♦♥ #✐❜✉ ✐♦♥/❀
❛#♦✉♥❞ ✶✻✪ / ❛ ❡  ❤❡② ✐♥/✉✣❝✐❡♥ ❧② #❡✈✐❡✇❡❞  ❤❡ ❧✐ ❡#❛ ✉#❡ ✐♥  ❤❡✐# ✜❡❧❞/❀ ❧❡//  ❤❛♥
✺✪ ❛❞♠✐  ♦ /❧♦♣♣② ♣❛♣❡# #❡✈✐❡✇/ ❛♥❞ /❡❧❢✲♣❧❛❣✐❛#✐/♠❀ ❛♥❞ ❧❡//  ❤❛♥ ✵✳✺✪ ✐♥❞✐❝❛ ❡
 ❤❛  ❤❡② ❝♦♦❦❡❞ ✉♣  ❤❡✐# ❞❛ ❛ ✭◆❡✉❢❡❧❞ ❛♥❞ ❏♦❤❛♥♥✱ ✷✵✶✻✮✳ ❆♥♦ ❤❡# / ✉❞② ✜♥❞/
 ❤❛ ❛❜♦✉ ♦♥❡  ❤✐#❞ ♦❢ ❛❝❛❞❡♠✐❝/ ❛❞♠✐ ❤❛✈✐♥❣ ❡♥❣❛❣❡❞ ✐♥ H✉❡/ ✐♦♥❛❜❧❡ #❡/❡❛#❝❤
♣#❛❝ ✐❝❡/✱ /✉❝❤ ❛/ ❢❛❧/✐❢②✐♥❣ ❞❛ ❛✱ ♣❧❛❣✐❛#✐/♠✱ ♦# ✉♥❛✉ ❤♦#✐③❡❞ ✉/❡ ♦❢ ❝♦♥✜❞❡♥ ✐❛❧
✐♥❢♦#♠❛ ✐♦♥✱ ❛ ❧❡❛/ ♦♥❝❡ ✭▼❛# ✐♥/♦♥ ❡ ❛❧✳✱ ✷✵✵✺✮✳
❆/ ✉♥❝♦✈❡#✐♥❣ ❛❝❛❞❡♠✐❝ ♠✐/❝♦♥❞✉❝ ❝❛♥ ❤❛✈❡ /❡✈❡#❡ ❝♦♥/❡H✉❡♥❝❡/ ❢♦# #❡/❡❛#❝❤❡#/
✕ ✐♥❝❧✉❞✐♥❣  ❤❡ ❧♦// ♦❢ #❡♣✉ ❛ ✐♦♥ ❢♦#  ❤❡ ✐♥❞✐✈✐❞✉❛❧ ❛♥❞  ❤❡✐# ✐♥/ ✐ ✉ ✐♦♥✱ /✉❝❤ ❛/
❡①❝❧✉/✐♦♥ ❢#♦♠ ❛❝❛❞❡♠✐❝ ✐♥/ ✐ ✉ ✐♦♥/ ❛♥❞ ♦#❣❛♥✐/❛ ✐♦♥/✱ ✜♥❡/ ❛♥❞  ❤❡ ❞❡♣#✐✈❛ ✐♦♥ ♦❢
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❋✐❣✉$❡ ✺✳✶✿ ❘❡❧❛-✐♦♥0❤✐♣ ❜❡-✇❡❡♥ ❝♦♠♣$❡❤❡♥0✐♦♥ ❛♥❞ ❤♦♥❡0-②
♦❢ ✉0✐♥❣ -❤❡0❡ ♠❡-❤♦❞0✱ ✐✳❡✳✱ ♣$♦-❡❝-✐♦♥ ♦❢ ❛♥♦♥②♠✐-② ❛♥❞ ♣$✐✈❛❝②✳ ✭✸✮ ❘❡❝♦❣♥✐-✐♦♥
♦❢ ♣!♦#❡❝#✐♦♥✱ ✐✳❡✳✱ ❛❝❝❡♣-❛♥❝❡ -❤❛- ✐♥❞✐✈✐❞✉❛❧ ❛♥0✇❡$0 ❛$❡ ❛♥♦♥②♠♦✉0 ✭✐✳❡✳✱ ♥♦ ♦♥❡
❝❛♥ ❦♥♦✇ ❢♦$ 0✉$❡ ✇❤✐❝❤ ❛♥0✇❡$ ❛ $❡0♣♦♥❞❡♥- ❤❛0 ❣✐✈❡♥✮ ❛♥❞ ♣$♦-❡❝-❡❞✳ ✭✹✮ ❆✇❛$❡✲
♥❡00 ♦❢ ♠❡#❤♦❞+✱ ✐✳❡✳✱ ❛$❡ $❡0♣♦♥❞❡♥-0 ❛✇❛$❡ ♦❢ ❤♦✇ -❤❡✐$ ❛♥0✇❡$0 ❝❛♥ ❜❡ ✉0❡❞ ❢♦$
❛♥❛❧②0✐0 ✐♥ ❛ ♠❡❛♥✐♥❣❢✉❧ ✇❛②❄
❲❡ ❤②♣♦-❤❡0✐0❡ -❤❛- -❤❡ ✜$0- -❤$❡❡ ❧❡✈❡❧0 ✭✐♥0-$✉❝-✐♦♥0✱ ♣✉$♣♦0❡✱ ♣$♦-❡❝-✐♦♥✮ ✐♥ ♣❛$✲
-✐❝✉❧❛$ ❛$❡ ♥❡❝❡00❛$② ❝♦♥❞✐-✐♦♥0 ❢♦$ $❡0♣♦♥❞❡♥-0 -♦ ❣✐✈❡ ❛♥ ❤♦♥❡0- ❛♥❞ ❝♦$$❡❝- ❛♥0✇❡$✳
❲❡ ❛$❡ ♠♦$❡ ❧❡♥✐❡♥- $❡❣❛$❞✐♥❣ -❤❡ ♠❡-❤♦❞0✱ ❛0 -❤❡ ❛♥❛❧②0✐0 0-$❛-❡❣② ✐0 -②♣✐❝❛❧❧② ❜❡✲
②♦♥❞ -❤❡ ❝♦♥0✐❞❡$❛-✐♦♥ ♦❢ ❛ 0✉$✈❡② $❡0♣♦♥❞❡♥-✳ ■- ✐0 ❛❧0♦ ❡①❝❧✉❞❡❞ ❢$♦♠ ❣❡♥❡$❛❧
❝♦❣♥✐-✐✈❡ ♠♦❞❡❧0 ♦❢ -❤❡ 0✉$✈❡② $❡0♣♦♥0❡ ❛♥❞ ✐$$❡❧❡✈❛♥- ❞✉$✐♥❣ -❤❡ ✐♥-❡$✈✐❡✇ 0✐-✉✲
❛-✐♦♥✳ ❍♦✇❡✈❡$✱ ❤❛✈✐♥❣ ❛ ❝❧❡❛$ ✉♥❞❡$0-❛♥❞✐♥❣ ❛❜♦✉- ❤♦✇ ✐♥❞✐✈✐❞✉❛❧ ❛♥0✇❡$0 ❛$❡
$❡✢❡❝-❡❞ ✐♥ -❤❡ ✜♥❛❧ ❡0-✐♠❛-❡ ♠❛② ✐♥❝$❡❛0❡ -$✉0- ✐♥ ♣$✐✈❛❝② ❛♥❞ ❛♥♦♥②♠✐-②✳ ❍♦✇✲
❡✈❡$✱ ❛ ❧❛❝❦ ♦❢ ✉♥❞❡$0-❛♥❞✐♥❣ ❤♦✇ ❛♥0✇❡$0 ❛$❡ ✉0❡❞ 0❤♦✉❧❞ ♥♦- ❝♦♥0✐❞❡$❛❜❧② ❛✛❡❝-
-❤❡ ❤♦♥❡0-② ♦❢ -❤❡ $❡0♣♦♥0❡✳
❲❡ ❛00✉♠❡ -❤❛-✱ ✇✐-❤ -❤❡ ✐♥❝$❡❛0✐♥❣ ❝♦❣♥✐-✐✈❡ ❜✉$❞❡♥✱ ❢❡✇❡$ $❡0♣♦♥❞❡♥-0 ✇✐❧❧ ❜❡ ❛❜❧❡
-♦ ✜- -❤❡ 0❝❤❡♠❡✳ ❍❡♥❝❡✱ $❡0♣♦♥❞❡♥-0 ✇❤♦ ❞♦ ♥♦- ✉♥❞❡$0-❛♥❞ -❤❡ ❜❛0✐❝ ✐♥0-$✉❝-✐♦♥0
✇✐❧❧ ❤❛✈❡ -$♦✉❜❧❡ ✉♥❞❡$0-❛♥❞✐♥❣ -❤❛- -❤❡0❡ ♠❡-❤♦❞0 ❤❡❧♣ ♣$♦-❡❝- -❤❡✐$ ✐♥❞✐✈✐❞✉❛❧
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)❝❤❡♠❡ ✇❛) ❛♣♣❧✐❡❞ 2♦ ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ♠❡2❤♦❞✳ ❚❛❜❧❡ ✺✳✸ )✉♠♠❛3✐)❡) 2❤❡ ❝♦❞✐♥❣
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✭✶✮ ■♥/64✉❝6✐♦♥/ ❘ ❛❜❧❡ 6♦ 4❡❝✐6❡ ♠✐♥✐✲
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❬6❤❛6❪ 6❤❛6✬/ ❛♥♦♥②♠♦✉/ ♦❜✈✐♦✉/❧② ❡❧✐♠✐♥❛6❡/ 6❤❛6 6♦ /♦♠❡ ❡①6❡♥6❀ ❜✉6 ❡✈❡♥ ❜❛/❡❞





✏❨♦✉ ❞♦ ♥♦6 ❛/❦ ❞✐4❡❝6 C✉❡/6✐♦♥/✱ ❜✉6 ♦♥❡ /❡❡♠✐♥❣❧② ❞♦❡/ ♥♦6 ❦♥♦✇ ✇❤✐❝❤ ❛♥/✇❡4 ❬✳✳✳❪
■ ❤❛✈❡ 4❡❛❧❧② ❣✐✈❡♥ 6♦ 6❤❡ ✐♥❞✐✈✐❞✉❛❧ C✉❡/6✐♦♥/✱ ❛/ ■ ❤❛✈❡ ❛♥/✇❡4❡❞ /❡✈❡4❛❧ C✉❡/6✐♦♥/
❛6 6❤❡ /❛♠❡ 6✐♠❡✳✑
◆♦"❡$✳
†








❘ 5❡❢❡54 -♦ ♣5♦❜❛❜✐❧✐-②
♠❡-❤♦❞4
✏❚❤❡5❡✬4 4♦♠❡ 4♦5- ♦❢ 4-❛-✐4-✐❝❛❧ ♠❡-❤♦❞ -❤❛- ❝♦✉❧❞ ❛❧❧♦✇ ②♦✉ -♦ ❝♦❧❧❡❝- ❞❛-❛ ❛❝5♦44
5❡4♣♦♥❞❡♥-4✱ ❡①❛♠✐♥❡ ✇✐-❤✐♥ ❝❛4❡ ✈❛5✐❛-✐♦♥✱ ❛♥❞ 4♦ ❢♦5-❤✱ -♦ ❣❡- -❤❡ -5✉-❤✳✑
✑❍♦♥❡4-❧②✱ ♥♦✳✑
✏❨♦✉ ❝♦✉❧❞ ❞♦ -❤❡ 4-❛-4 ❬✳ ✳ ✳ ❪ ■ ❞♦♥✬- ❦♥♦✇ -❤❡ ♠❛-❤4 ❬✳ ✳ ✳ ❪✱ ❜✉- ②♦✉ ❝♦✉❧❞ ✇♦5❦ -❤❛-
♦✉-✱ ■ 4✉♣♣♦4❡✳✑
✏❍♦♥❡4-❧② 4♣❡❛❦✐♥❣✱ ✐- ✇❛4 ♥♦- ❝❧❡❛5 -♦ ♠❡ ✇❤❛- -❤❡ 5❡4✉❧-4 ❝♦✉❧❞ ❜❡ ❬✳✳✳❪ ❖♥❡ ❝♦✉❧❞
♣♦44✐❜❧② ❛♥❛❧②4❡ ❬-❤✐4❪ 4-❛-✐4-✐❝❛❧❧②✳✑
✭✺✮ ❍♦♥❡4-②
†
❘ 5❡♣♦5-4 -❤❛- -❤❡②
✭❛✮ ❛♥4✇❡5❡❞ ❤♦♥❡4-❧②
✏■ ❛♥4✇❡5❡❞ -❤❡♠ -5✉-❤❢✉❧❧② ❬✳ ✳ ✳ ❪ ■ ❛♥4✇❡5❡❞ ✐- ❤♦♥❡4-❧②✱ ❜✉- ■ ❝❛♥ 4❡❡ -❤❡5❡ ❜❡✐♥❣
✐♥4-❛♥❝❡4✱ ✇❤❡5❡ -❤❡5❡ ❝♦✉❧❞ ❜❡ ❛ ♠✐4❜❛❧❛♥❝❡✳✑
✭❜✮ ♦-❤❡54 ✇♦✉❧❞✱ -♦♦ ✏❬■❪-✬4 ♦♥❧② -❤❡✐5 ♣❡5❝❡♣-✐♦♥ ♦❢ -❤❡ ❛♥4✇❡5✳ ■ 4✉♣♣♦4❡ ♣❡5❝❡♣-✐♦♥ ❡♥-❡54 ✐♥-♦ ❛ ❧♦- ♦❢
-❤❡4❡ -❤✐♥❣4✱ ❜❡❝❛✉4❡ ❬✳ ✳ ✳ ❪ ❛ ❧♦- ♦❢ ♣❡♦♣❧❡ ❬✳✳✳✳❪ ❞♦ -❤✐♥❣4✱ ♣♦-❡♥-✐❛❧❧②✱ -❤❛- ❛5❡ ✐♥ -❤❡
❣5❡② ❛5❡❛ ♦❢ 5❡4❡❛5❝❤ ❡-❤✐❝4✳ ❬✳✳✳❪ ❙♦♠❡ ♣❡♦♣❧❡ ✇♦✉❧❞ ❧✐❡ ❛❜♦✉- -❤❡4❡ -❤✐♥❣4✱ ❜❡❝❛✉4❡
-❤❡② ❛5❡ ♥❡✈❡5 ✇✐❧❧✐♥❣ -♦ ❣✐✈❡ -❤❛- ✐♥❢♦5♠❛-✐♦♥ ❡✈❡5 ❬✳✳✳❪✳✑
◆♦"❡$✳
†
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❆❜♦✉& &❤❡ ❚▼✱ ❘❡-♣♦♥❞❡♥& ✶✹ -❛✐❞✿ ✏❬❚❪❤✐- ✐- ♠♦)❡ -✐♠✐❧❛) &♦ ♣❛)&- ♦❢ &❤❡ G✉❡-&✐♦♥-
♦♥❡ ❛♥❞ &✇♦ ❬✳✳✳❪ ❛♥❞ )❡❛❧❧② ✇❤❛& ②♦✉✬)❡ ❞♦✐♥❣ ✐- -✇✐&❝❤✐♥❣ ❛)♦✉♥❞ ❤♦✇ ②♦✉ ❛♥-✇❡)
&❤❡♠✳ ❙♦ ❬✳✳✳❪ ✐&✬- ❜♦&❤ ✇✐&❤ ❛ ♥♦ ♦) ❛& ❧❡❛-& ♦♥❡ ✇✐&❤ ❛ ②❡-✳✑ ❲❡ ❝♦♥❝❧✉❞❡❞ &❤❛&
&❤❡)❡ ❛)❡ ♥♦ ♦❜-❡)✈❛❜❧❡ ❞✐✛❡)❡♥❝❡- )❡❣❛)❞✐♥❣ &❤❡ ❝♦♠♣)❡❤❡♥-✐♦♥ ♦❢ &❤❡ ✐♥-&)✉❝&✐♦♥-
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$♦#& ♦❢✱ ②♦✉✬#❡ ♥♦& ❢♦#❝✐♥❣ ♣❡♦♣❧❡ &♦ $❛② ✇❤✐❝❤ ♦♥❡ &❤❡② ❛#❡ $❛②✐♥❣ ②❡$ &♦✱ $♦ ✐&✬$
$♦#& ♦❢ ❧✐❦❡ ❛ ❞♦✉❜❧❡ ❜❧✐♥❞ ✐❞❡❛ ♦❢ ❛♥♦♥②♠✐&②✱ ❜❡❝❛✉$❡ ■ ❦♥♦✇ ❢#♦♠ $✉#✈❡② D✉❡$&✐♦♥$
■ ❤❛✈❡ ✜❧❧❡❞ ♦✉& ❜❡❢♦#❡ $♦♠❡&✐♠❡$ &❤❡ ❛♥$✇❡#$ ❝❛♥ ❜❛$✐❝❛❧❧② ❣✐✈❡ ②♦✉ ❛✇❛②✳✑ ▼♦$&
#❡$♣♦♥❞❡♥&$ #❡❢❡##❡❞ &♦ ♠♦#❡ ❤♦♥❡$& ❛♥$✇❡#$ ❞✉❡ &♦ &❤❡ ✐♥❞✐#❡❝& ✇❛② ♦❢ ♣♦$✐♥❣ &❤❡
D✉❡$&✐♦♥ ♦# ✐♥❝#❡❛$❡❞ ❛♥♦♥②♠✐&② ❛$ ❛ ❝♦♥$❡D✉❡♥❝❡ ♦❢ ✐♠♣#♦✈❡❞ ♣#♦&❡❝&✐♦♥✳ ❖♥❧②
❢♦✉# #❡$♣♦♥❞❡♥&$ ❞✐❞ ♥♦& ❝❧❡❛$❧② ♠❡♥&✐♦♥ ♣#✐✈❛❝② ❝♦♥❝❡#♥$ ♦# ❤♦♥❡$&②✳ ❚✇♦ ♦❢ &❤❡$❡
♠❡♥&✐♦♥❡❞ &❤❛& ❞✐$&#❛❝&✐♦♥ ❢#♦♠ &❤❡ $❡♥$✐&✐✈❡ ✐&❡♠$ ♠✐❣❤& ❜❡ &❤❡ ♠❡❝❤❛♥✐$♠ ❛♥❞✱
&❤✉$✱ ✐♥❞✐#❡❝&❧② ✐♠♣❧② ♣#✐✈❛❝② ❛♥❞ ❤♦♥❡$&② ❝♦♥❝❡#♥$✳ ❘❡♣#❡$❡♥&❛&✐✈❡ ✐$ ❘❡$♣♦♥❞❡♥&
✻✬$ ❛♥$✇❡#✿ ✏❖❢ ❝♦✉#$❡✱ ②♦✉ $♦♠❡✇❤❛& ❣✐✈❡ &❤❡ ✐♠♣#❡$$✐♦♥ &❤❛& ②♦✉ ❞♦♥✬& ❦♥♦✇ ✐♥
&❤❡ ❡♥❞ ✇❤✐❝❤ ❛♥$✇❡#$ ■ #❡❛❧❧② ❣❛✈❡ &♦ &❤❡ ✐♥❞✐✈✐❞✉❛❧ D✉❡$&✐♦♥✱ ❛$ ■ ❛♥$✇❡#❡❞ $❡✈❡#❛❧
❛& &❤❡ $❛♠❡ &✐♠❡✳✑
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❈♦♥$✐❞❡#✐♥❣ &❤❡ ♣❡#❝❡✐✈❡❞ ❧❡✈❡❧ ♦❢ ♣#♦&❡❝&✐♦♥✱ ✶✷ ♦✉& ♦❢ ✶✾ ♣❛#&✐❝✐♣❛♥&$ ❝❧❡❛#❧② ✐♥❞✐✲
❝❛&❡❞ &❤❛& &❤❡② ❢❡❧& &❤❡② ✇❡#❡ ♣#♦&❡❝&❡❞✱ ❛$ #❡$❡❛#❝❤❡#$ ❞♦ ♥♦& ❦♥♦✇ &❤❡✐# ✐♥❞✐✈✐❞✉❛❧
❛♥$✇❡#$ &♦ &❤❡ ❞✐✛❡#❡♥& D✉❡$&✐♦♥$✳ ❘❡$♣♦♥❞❡♥& ✶✹ $&❛&❡$✿ ✏❬❆❪$ ❧♦♥❣ ❛$ ②♦✉ ❦♥♦✇
✇❤✐❝❤ ❣#♦✉♣ ■ ❜❡❧♦♥❣ &♦✱ &❤❡♥ ②♦✉ ❛#❡ ♦♥❧② ❣♦✐♥❣ &♦ ❜❡ ❛❜❧❡ &♦ ✜♥❞ ♦✉& $♦#& ♦❢
❣#♦✉♣✲❧❡✈❡❧ ✐♥❢♦#♠❛&✐♦♥✱ ♥♦& ✐♥❞✐✈✐❞✉❛❧✲❧❡✈❡❧ ✐♥❢♦#♠❛&✐♦♥✳✑ ❘❡❣❛#❞✐♥❣ &❤❡ ❈▼ ❛♥❞
❚▼✱ #❡$♣♦♥❞❡♥&$ ♠♦$&❧② #❡❢❡##❡❞ &♦ &❤❡ ✉♥❦♥♦✇♥ ❜✐#&❤❞❛② ♦❢ &❤❡✐# ♣❛#❡♥&$✳ ❘❡✲
$♣♦♥❞❡♥& ✶ ♣♦✐♥&$ ♦✉&✿ ✏■❢ ♦♥❧② ♦♥❡ D✉❡$&✐♦♥ ✐$ ❛♥$✇❡#❡❞ ✇✐&❤ ②❡$✱ &❤❡♥ ✐& ❝♦✉❧❞
&❤❡♦#❡&✐❝❛❧❧② ❛❧$♦ ❜❡ &❤❡ ❜✐#&❤❞❛② ❛♥❞ &❤❡♥ &❤❡ ♣#♦❜❛❜✐❧✐&② &❤❛& ■ ❤❛✈❡ ❞♦♥❡ ✐& ❬&❤❡
♠✐$❝♦♥❞✉❝&❪✱ ✐$ ❤✐❣❤❡# ✐♥ ②♦✉# ❛♥❛❧②$✐$✱ ❜✉& ②♦✉ ❝❛♥♥♦& $❛② ✐& ❢♦# $✉#❡ ❬✳✳✳❪ ✉♥❧❡$$ ②♦✉
❝♦♥&#♦❧ ❢♦# &❤❡ ❜✐#&❤❞❛② ♦❢ ♠② ♣❛#❡♥&$✳✑
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❋♦# &❤❡ ■❈❚✱ ♠♦$& #❡$♣♦♥❞❡♥&$ $✉❣❣❡$&❡❞
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❦❛♥♥ ❡' ③✉♠✐♥❞❡') ❥❛ )❤❡♦$❡)✐'❝❤ ❛✉❝❤ ❞❡$ ●❡❜✉$)')❛❣ '❡✐♥ ✉♥❞ ❞❛♠✐) ✐') ❞✐❡ ❲❛❤$'❝❤❡✐♥❧✐❝❤❦❡✐)✱
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✇❤❡#❤❡$ ■ ✉'❡ ❲✐♥❞♦✇' ❬✳✳✳❪✱ '♦ #❤✐' ♠✐①❡❞ ✉♣ ✇✐#❤ ♦#❤❡$ 4✉❡'#✐♦♥'✳✑
❍♦✇❡✈❡$✱ ♦❢ #❤❡ $❡♠❛✐♥✐♥❣ '❡✈❡♥ $❡'♣♦♥❞❡♥#' ✇❤♦ ❞✐❞ ♥♦# ✉♥❞❡$'#❛♥❞ #❤❡ ✐❞❡❛ ♦❢
♣$♦#❡❝#✐♦♥✱ '♦♠❡ ❢❡❛$❡❞ #❤❛# ✐# ✇♦✉❧❞ ❜❡ '♦♠❡❤♦✇ ♣♦''✐❜❧❡ #♦ ✜❣✉$❡ ♦✉# #❤❡✐$ ♣❛$✲
❡♥#'✬ ❜✐$#❤❞❛②'✳ ❘❡'♣♦♥❞❡♥# ✶✶ ✈♦✐❝❡❞ ❝♦♥❝❡$♥✿ ✏◆♦# #♦ ❝♦♠❡ ❛❝$♦'' ❛' ✐♥❝$❡❞✐❜❧②
♣❛$❛♥♦✐❞✱ ❜✉# ②♦✉$ ❝♦❧❧❡❛❣✉❡' ♠✐❣❤# ❦♥♦✇ ✇❤❡♥ ②♦✉$ ♣❛$❡♥#'✬ ❜✐$#❤❞❛②' ❛$❡✳✑ ❋♦$
'#✉❞✐❡' #❤❛# ❛♣♣❧② ❈▼ ♦$ ❚▼ ✐♥✈❡'#✐❣❛#✐♥❣ '❡♥'✐#✐✈❡ #♦♣✐❝'✱ '✉❝❤ $❡'♣♦♥❞❡♥# ❝♦♥✲
❝❡$♥' ❝♦♥'#✐#✉#❡ ❛♥ ✐♠♠❡❞✐❛#❡ ♣$♦❜❧❡♠✱ '✐♥❝❡ $❡'♣♦♥❞❡♥#' ❝♦♥'❡4✉❡♥#❧② ✇✐❧❧ ♥♦# #$✉'#
#❤❡'❡ ♠❡#❤♦❞'✳
❆♥❛❧②%✐%
❖♥❧② ✽ ♦✉# ♦❢ ✶✾ $❡'♣♦♥❞❡♥#' ❤❛✈❡ ❛ $♦✉❣❤ ✐❞❡❛ ❤♦✇ #❤❡ ■❈❚✱ ❈▼ ♦$ ❚▼ ❝♦✉❧❞ ❜❡
❛♥❛❧②'❡❞ $❡❢❡$$✐♥❣ #♦ ♣$♦❜❛❜✐❧✐#② #❤❡♦$②✱ ❛❣❣$❡❣❛#✐♦♥ ♦$ $❡❧❛#❡❞ ❦❡② ✇♦$❞'✳ ❘❡'♣♦♥✲
❞❡♥# ✶✻ '♣❡❝✉❧❛#❡❞ ❛❜♦✉# #❤❡ ❈▼✴❚▼✿ ✏❬■❪❢ ②♦✉ ✇❡$❡ ✐♥#❡$❡'#❡❞ ✐♥ ✈❛$✐♦✉' ❢♦$♠' ♦❢
❛❝❛❞❡♠✐❝ ♠✐'❝♦♥❞✉❝# ❛♥❞ ②♦✉ ❦✐♥❞ ♦❢ ❤❛✈❡ ❛ ♥♦$♠❛❧ ❞✐'#$✐❜✉#✐♦♥ ♦❢ ❜✐$#❤❞❛#❡' ♦$
'♦♠❡#❤✐♥❣✱ #❤❡♥ ②♦✉ ❝♦✉❧❞ ✇♦$❦ ♦✉# ✇❤❛# ②♦✉ ❦♥♦✇ ✇❤✐❝❤ ❛$❡ $❡❝✉$$✐♥❣ ♠♦$❡ ❢$❡✲
4✉❡♥#❧② #❤❛♥ ②♦✉ ✇♦✉❧❞ ❡①♣❡❝#✱ '♦♠❡#❤✐♥❣ ❧✐❦❡ #❤❛#✳ ❏✉'# ❜❡❝❛✉'❡ ②♦✉ ❦♥♦✇ ❛❜♦✉#
❜✐$#❤❞❛②'✳✑ ❚❤$❡❡ $❡'♣♦♥❞❡♥#' ❞✐$❡❝#❧② ✐♥❞✐❝❛#❡❞ #❤❛# #❤❡② ❞♦ ♥♦# ❤❛✈❡ ❛♥② ✐❞❡❛ ❤♦✇
#❤❡'❡ ❞❛#❛ ❝♦✉❧❞ ❜❡ ❛♥❛❧②'❡❞ ✐♥ ❛ ♠❡❛♥✐♥❣❢✉❧ ✇❛②✱ ❘❡'♣♦♥❞❡♥# ✶✺ ❝❧❡❛$❧② '#❛#❡'✿ ✏■
❞♦♥✬# ❦♥♦✇✳✑ ❙✐① $❡'♣♦♥❞❡♥#' $❡❢❡$$❡❞ #♦ '♦♠❡ ♣$♦❝❡❞✉$❡' $❡❧❛#✐♥❣ #♦ '#❛#✐'#✐❝' ♦$
♣$♦❜❛❜✐❧✐#✐❡' ✇✐#❤♦✉# ❢✉$#❤❡$ ❞❡#❛✐❧✱ $❡♣$❡'❡♥#❛#✐✈❡ ✐' ❘❡'♣♦♥❞❡♥# ✻ '❛②✐♥❣✿ ✏❨♦✉
✇♦✉❧❞ ♥❡❡❞ ❛ ❧❛$❣❡$ ♥✉♠❜❡$ ♦❢ ❞❛#❛ ❛♥❞ ❝♦✉❧❞ ♣♦''✐❜❧② ❛♥❛❧②'❡ #❤✐' '#❛#✐'#✐❝❛❧❧②✳✑
✶✼
❚❤❡ $❡♠❛✐♥✐♥❣ #✇♦ $❡'♣♦♥❞❡♥#' ❛''✉♠❡❞ #❤❛# $❡'❡❛$❝❤❡$' ❝♦✉❧❞ ✜❣✉$❡ ♦✉# #❤❡✐$ ♣❛$✲
❡♥#'✬ ❜✐$#❤❞❛②' #♦ ❦♥♦✇ ❛❜♦✉# #❤❡✐$ $❡'♣♦♥'❡ #♦ #❤❡ ♠✐'❝♦♥❞✉❝# ✐#❡♠❀ ❘❡'♣♦♥❞❡♥#
✶✽ ♣$❡'✉♠❡'✿ ✏■ ❡♥✈✐'✐♦♥ #❤❛# #❤✐' ✇✐❧❧ ❜❡ ♦✈❡$❛❧❧ ❛ ✈❡$② ❧♦♥❣ 4✉❡'#✐♦♥♥❛✐$❡✱ ✐♥ ✇❤✐❝❤
②♦✉ ❛'❦ $❡♣❡❛#❡❞❧② ❛❜♦✉# ❜✐$#❤❞❛②'✱ ❢❛#❤❡$' ❛♥❞ ♠♦#❤❡$'✳✑
✶✽
▼♦'# $❡'♣♦♥❞❡♥#' ✇❡$❡
♦♥❧② ❛❜❧❡ #♦ ❛♥'✇❡$ #❤✐' 4✉❡'#✐♦♥ ❛❜♦✉# #❤❡ ❈▼ ❛♥❞ ❚▼✱ ❛' #❤❡② ❞✐❞ ♥♦# ❦♥♦✇ #❤❡
'❤♦$# ❧✐'# ♦❢ #❤❡ ■❈❚ ✕ #❤❡② ✇❡$❡ ♦♥❧② ♣$❡'❡♥#❡❞ ✇✐#❤ #❤❡ ❧♦♥❣ ❧✐'#✳ ❙♦♠❡ $❡'♣♦♥❞❡♥#'
'♣❡❝✉❧❛#❡❞ #❤❛# ✇❡ ❞❡$✐✈❡❞ #❤❡ ♣$❡✈❛❧❡♥❝❡ ❢♦$ #❤❡ '✐♥❣❧❡ ♥♦♥✲'❡♥'✐#✐✈❡ ■❈❚ ✐#❡♠' ❜❡✲
❢♦$❡❤❛♥❞ #♦ ❝♦♠❡ ✉♣ ✇✐#❤ ❛ ❞✐'#$✐❜✉#✐♦♥ #❤❛# ✇❡ ♣❧♦# ❛❣❛✐♥'# #❤❡✐$ ❛♥'✇❡$'✳ ❋✐❣✉$❡
✺✳✷❛ '✉♠♠❛$✐③❡' ♦✉$ $❡'✉❧#'✳
■♥ '✉♠✱ '✐①#❡❡♥ $❡'♣♦♥❞❡♥#' ✇❡$❡ ❛❜❧❡ #♦ $❡❝✐#❡ #❤❡ ✐♥'#$✉❝#✐♦♥'✳ ✶✷ ♦✉# ♦❢ ✶✼ $❡'♣♦♥✲
❞❡♥#' ❝♦$$❡❝#❧② '✉♠♠❛$✐'❡❞ #❤❡ ✐♥'#$✉❝#✐♦♥' ❛♥❞ ✇❡$❡ ❛❜❧❡ #♦ ❡①♣❧❛✐♥ #❤❡ ♣✉$♣♦'❡
♦❢ #❤❡'❡ ♠❡#❤♦❞'✳ ■♥ ❛❞❞✐#✐♦♥✱ ❡❧❡✈❡♥ ❛❧'♦ ❣❛✈❡ ❛♥ ❛♣♣$♦♣$✐❛#❡ ❡①♣❧❛♥❛#✐♦♥ ♦❢ ❤♦✇
✶✼✳ ❚$❛♥'❧❛)❡❞ ❢$♦♠ ●❡$♠❛♥✿ ✏❙✐❡ ♠4''❡♥ ❡✐♥❡ ❣$♦6❡ ▼❡♥❣❡ ✈♦♥ ❉❛)❡♥ ❤❛❜❡♥ ❬✉❪♥❞ ❞❛♥♥ ❦@♥♥❡♥
❙✐❡ ♠@❣❧✐❝❤❡$✇❡✐'❡ ')❛)✐')✐'❝❤ ✇❛' ❛✉'✇❡$)❡♥✳✑
✶✽✳ ❚$❛♥'❧❛)❡❞ ❢$♦♠ ●❡$♠❛♥✿ ✏■❝❤ ')❡❧❧❡ ♠✐$ ✈♦$✱ ❞❛' ✇✐$❞ ❞❛♥♥ ✐♥'❣❡'❛♠) ❡✐♥ '❡❤$ ❧❛♥❣❡$ ❋$❛❣❡✲
❜♦❣❡♥✱ ✇♦ ✐♠♠❡$ ✇✐❡❞❡$ ♥❛❝❤ ❞❡♥ ●❡❜✉$)')❛❣❡♥✱ ✐♠♠❡$ ✇✐❡❞❡$ ♥❛❝❤ ❱❛)❡$✱ ▼✉))❡$ ❣❡❢$❛❣) ✇✐$❞✳✑
✶✺✵
✭❛✮ ▲❡✈❡❧ ♦❢ ✉♥❞❡)*+❛♥❞✐♥❣
At least instructions
At least instructions and purpose
At least instructions, purpose and protection
Everything
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❋✐❣✉$❡ ✺✳✷✿ ❘❡❧❛-✐♦♥ ❜❡-✇❡❡♥ ❝♦♠♣$❡❤❡♥6✐♦♥ ❛♥❞ ❤♦♥❡6-②
2❛♥❡❧ ✭❛✮ ♣❧♦+* ❝♦♥❞✐+✐♦♥❛❧ ❢)❡7✉❡♥❝✐❡* ♦❢ ✐♥❝)❡❛*✐♥❣ ❧❡✈❡❧* ♦❢ ❝♦♠♣)❡❤❡♥*✐♦♥ ♦❢ +❤❡ ❛♥♦♥②♠✐*❛+✐♦♥
+❡❝❤♥✐7✉❡ ✭❡❛*✐❡*+ ❧❡✈❡❧ ❛+ +❤❡ ❜♦++♦♠❀ ❤❛)❞❡*+ ❧❡✈❡❧ ♦♥ +♦♣✮✳ 2❛♥❡❧ ✭❜✮ ♣❧♦+* +❤❡ ❝♦♥❞✐+✐♦♥❛❧ ❢)❛❝+✐♦♥
♦❢ )❡*♣♦♥❞❡♥+* ✇❤♦ *+❛+❡❞ +❤❡② ❤❛❞ ❛♥*✇❡)❡❞ ❤♦♥❡*+❧② ❛♥❞ ✐♥❞✐❝❛+❡❞ +❤❛+ ♦+❤❡)* ✇♦✉❧❞ )❡*♣♦♥❞
+)✉+❤❢✉❧❧②✱ +♦♦ ✭❵❢✉❧❧ ❤♦♥❡*+②✬✮✱ ❛♠♦♥❣ +❤♦*❡ ✇❤♦ ❛❝❤✐❡✈❡❞ +❤❡ )❡*♣❡❝+✐✈❡ ❧❡✈❡❧ ♦❢ ✉♥❞❡)*+❛♥❞✐♥❣✳ ❚♦
✉♥❞❡)*+❛♥❞ ❜❡++❡) ❤♦✇ +❤❡ +✇♦ ❝❤❛)+* ✐♥+❡))❡❧❛+❡✱ *❡❡ +❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡✿ ❖✉+ ♦❢ ✶✻ )❡*♣♦♥❞❡♥+*
✇❤♦ ✉♥❞❡)*+♦♦❞ +❤❡ ✐♥*+)✉❝+✐♦♥*✱ ✶✷ ❛❧*♦ ✉♥❞❡)*+♦♦❞ +❤❡ ♣✉)♣♦*❡ ✭*❡❝♦♥❞ ❜❛) ❢)♦♠ ❜♦++♦♠✱ 2❛♥❡❧
✭❛✮✮❀ ♦❢ +❤❡*❡ ✶✷ )❡*♣♦♥❞❡♥+*✱ *❡✈❡♥ *+❛+❡❞ ❵❢✉❧❧ ❤♦♥❡*+②✬ ✭*❡❝♦♥❞ ❜❛) ❢)♦♠ ❜♦++♦♠✱ 2❛♥❡❧ ✭❜✮✮✳ ❚❤❡
*❛♠♣❧❡ *✐③❡ ✐* )❡❞✉❝❡❞ +♦ ✶✼ ❜❡❝❛✉*❡ ✐♥ +✇♦ ❝❛*❡* ❡✐+❤❡) ♥♦♥✲)❡*♣♦♥*❡ ❢♦) ✉♥❞❡)*+❛♥❞✐♥❣ ♦) ❤♦♥❡*+②
♦❝❝✉))❡❞✳
-❤❡✐$ ❛♥6✇❡$6 ✇❡$❡ ♣$♦-❡❝-❡❞✳ ❆♣❛$- ❢$♦♠ -❤❡ ✐♥6-$✉❝-✐♦♥6✱ -❤❡ ♣✉$♣♦6❡ ❛♥❞ -❤❡ ♣$♦✲
-❡❝-✐♦♥ ♠❡❝❤❛♥✐6♠✱ ♦♥❧② 6❡✈❡♥ $❡6♣♦♥❞❡♥-6 ✇❡$❡ ❛✇❛$❡ ♦❢ ❤♦✇ -❤❡✐$ ❛♥6✇❡$6 ❝♦✉❧❞
❜❡ ❛♥❛❧②6❡❞ ✐♥ ❛ ♠❡❛♥✐♥❣❢✉❧ ✇❛②✳ ❚❤❡6❡ $❡6✉❧-6 ❛❧6♦ 6✉♣♣♦$- ♦✉$ ❛66✉♠♣-✐♦♥ -❤❛-
-❤❡ ❞✐✛❡$❡♥- ❧❡✈❡❧6 ♦❢ ✉♥❞❡$6-❛♥❞✐♥❣ ❛$❡ ✐♥❝$❡❛6✐♥❣ ✐♥ ❝♦❣♥✐-✐✈❡ ❞❡♠❛♥❞✿ ✇✐-❤ ❛♥
✐♥❝$❡❛6✐♥❣ ❧❡✈❡❧ ♦❢ ✉♥❞❡$6-❛♥❞✐♥❣✱ ♠♦$❡ ❛♥❞ ♠♦$❡ $❡6♣♦♥❞❡♥-6 ❞$♦♣ ♦✉-✳ ❖♥❧② ♦♥❡
$❡6♣♦♥❞❡♥- ❞❡✈✐❛-❡❞ ❢$♦♠ -❤✐6 ♣❛--❡$♥ ❜② ❢❛✐❧✐♥❣ ✐♥ ❛♥ ❡❛6② -❛6❦ ✭♣✉"♣♦$❡✮✱ ❜✉-
6✉❝❝❡❡❞✐♥❣ ✐♥ ❛♥ ❛$❣✉❛❜❧② ♠♦$❡ ❞✐✣❝✉❧- -❛6❦ ✭♣"♦&❡❝&✐♦♥✮✳
✺✳✻✳✷ ❍♦♥❡()②
▲♦♦❦✐♥❣ ❛- ✇❤❡-❤❡$ $❡6♣♦♥❞❡♥-6 ✇♦✉❧❞ ❛♥6✇❡$ -$✉-❤❢✉❧❧②✱ ✶✼ ♦✉- ♦❢ ✶✾ $❡6♣♦♥❞❡♥-6
6-❛-❡❞ -❤❛- -❤❡② ❤❛❞ ❛♥6✇❡$❡❞ ❤♦♥❡6-❧②✳ ◆✐♥❡ $❡6♣♦♥❞❡♥-6 ✇❡$❡ ❛❧6♦ ❝♦♥✜❞❡♥- -❤❛-
-❤❡ ✈❛6- ♠❛❥♦$✐-② ♦❢ $❡6❡❛$❝❤❡$6 ✇♦✉❧❞ ❣✐✈❡ ❤♦♥❡6- ❛♥6✇❡$6 ✇❤❡♥ ❛6❦❡❞ ❛❜♦✉- ❛❝❛✲
❞❡♠✐❝ ♠✐6❝♦♥❞✉❝- ✉6✐♥❣ -❤❡6❡ L✉❡6-✐♦♥ ❢♦$♠❛-6✳ ❍♦✇❡✈❡$✱ ❡✐❣❤- $❡6♣♦♥❞❡♥-6 ✈♦✐❝❡❞
6❡$✐♦✉6 ❞♦✉❜-6 ❛❜♦✉- ❛6❦✐♥❣ 6✉$✈❡② L✉❡6-✐♦♥6 ✐♥ -❤✐6 ✇❛②✳ ❋♦$ ❡①❛♠♣❧❡✱ ❘❡6♣♦♥❞❡♥-
✶✶ $❛✐6❡6 -❤❡ L✉❡6-✐♦♥✿ ✏❬✐❪❢ -❤❡② ❛$❡ ✇✐❧❧✐♥❣ -♦ ❢✉❞❣❡ ❞❛-❛✱ ✇❤♦ ✐6 ❣♦✐♥❣ -♦ 6❛② -❤❛-
-❤❡② ✇♦♥✬- ❞♦ ✐- ❛❣❛✐♥❄✑ ❖♥❡ $❡6♣♦♥❞❡♥- ❡✈❡♥ ❛❞♠✐--❡❞ -❤❛- -❤❡② ❤❛❞ ❛♥6✇❡$❡❞
✏❛❧♠♦6- ❛❧❧✑ L✉❡6-✐♦♥6 -$✉-❤❢✉❧❧②✱ ✐♥❞✐❝❛-✐♥❣ -❤❛- -❤❡② ❤❛❞ ✐♥ ❢❛❝- ♥♦- ❛♥6✇❡$❡❞ ❛❧❧
L✉❡6-✐♦♥6 ❤♦♥❡6-❧②✳ ❚❤❡ 6❛♠❡ ♣❡$6♦♥ 6-✐❧❧ ❜❡❧✐❡✈❡❞ ♦-❤❡$ $❡6❡❛$❝❤❡$6 ✇♦✉❧❞ ❛♥6✇❡$
❛❧❧ L✉❡6-✐♦♥6 -$✉-❤❢✉❧❧②✳
✶✺✶
✺✳✻✳✸ ❈♦♠♣(❡❤❡♥,✐♦♥ ❛♥❞ ❤♦♥❡,0②
❖♥❡ ❝♦%❡ ♦❜❥❡❝(✐✈❡ ♦❢ (❤✐- -(✉❞② ✇❛- (♦ ✐♥✈❡-(✐❣❛(❡ (❤❡ ❧✐♥❦ ❜❡(✇❡❡♥ ❝♦♠♣%❡❤❡♥-✐♦♥
❛♥❞ ❤♦♥❡-(②✳ ❲❡ ❡①♣❡❝(❡❞ (❤❛( (❤❡ ❜❡((❡% (❤❡ %❡-♣♦♥❞❡♥(-✬ ❝♦♠♣%❡❤❡♥-✐♦♥ ♦❢ (❤❡
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 ✭❇✮ ❆✉❢ ❡✐♥❡ ❞❡% ❋%❛❣❡♥ ❏❛ ✉♥❞ ❛✉❢ ❡✐♥❡ ◆❡✐♥
✶✺✽
◗✸✳
❯♥"❡♥$"❡❤❡♥❞ ✜♥❞❡♥ ❙✐❡ ❡✐♥❡ ▲✐$"❡ ♠✐" ❆❦"✐✈✐"/"❡♥✱ ❞✐❡ ♠❛♥❝❤❡ ❲✐$$❡♥$❝❤❛❢"❧❡6 "✉♥✱
❛♥❞❡6❡ ❛❜❡6 ♥✐❝❤"✳ ❇✐""❡ $❛❣❡♥ ❙✐❡ ♠✐6✱ ✇✐❡ ✈✐❡❧❡ ❞✐❡$❡6 ❉✐♥❣❡ ❙✐❡ $❝❤♦♥ ♠❛❧ ❣❡♠❛❝❤"
❤❛❜❡♥✳ ❇✐""❡ $❛❣❡♥ ❙✐❡ ♠✐6 ♥✐❝❤"✱ ✇❡❧❝❤❡ ❞✐❡$❡6 ❆❦"✐✈✐"/"❡♥ ❙✐❡ $❝❤♦♥ ♠❛❧ ❣❡♠❛❝❤"
❤❛❜❡♥✱ $♦♥❞❡6♥ ✇✐❡ ✈✐❡❧❡ ✿
• ❆♥ ❡✐♥❡♠ "②♣✐$❝❤❡♥ ❆6❜❡✐"$"❛❣ ❢❛❤6❡ ✐❝❤ ✐♥ ❡✐♥❡ ❘✐❝❤"✉♥❣ ♠❡❤6 ❛❧$ ✺✵ ❑✐❧♦✲
♠❡"❡6 ③✉6 ❆6❜❡✐"✳
• ■❝❤ ♥❡❤♠❡ 6❡❣❡❧♠/I✐❣ ❛♥ ❋♦6$❝❤✉♥❣$"6❡✛❡♥ ♠❡✐♥❡6 ■♥$"✐"✉"✐♦♥ "❡✐❧✳
• ■❝❤ ❤❛❜❡ $❝❤♦♥ ♠❛❧ $"6❛"❡❣✐$❝❤ ❆♥❛❧②$❡♥ ❛✉$ ♠❡✐♥❡♠ L❛♣✐❡6 ✇❡❣❣❡❧❛$$❡♥✱ ✉♠
❞❡♥ L✉❜❧✐❦❛"✐♦♥$❡6❢♦❧❣ ③✉ ❡6❤M❤❡♥✳
• ■❝❤ ❤❛❜❡ ❡✐♥ ♣6✐✈❛"❡$ ❆❜♦ ❢N6 ♠✐♥❞❡$"❡♥$ ③✇❡✐ ❛❦❛❞❡♠✐$❝❤❡ ❏♦✉6♥❛❧❡✳
• ■❝❤ ❜❡♥✉"③❡ ✈♦6 ❛❧❧❡♠ ❲✐♥❞♦✇$ ❢N6 ♠❡✐♥❡ ❆6❜❡✐"✳
❇✐""❡ "6❛❣❡♥ ❙✐❡ ✉♥"❡♥ ❡✐♥ ✇✐❡ ✈✐❡❧❡ ❞✐❡$❡6 ❆❦"✐✈✐"/"❡♥ ❙✐❡ $❝❤♦♥ ♠❛❧ ❣❡♠❛❝❤" ❤❛❜❡♥✳
✶✺✾
◗✹✳
❯♥"❡♥$"❡❤❡♥❞ ✜♥❞❡♥ ❙✐❡ ✇✐❡❞❡+ ❡✐♥❡ ▲✐$"❡ ♠✐" ❆❦"✐✈✐"1"❡♥✱ ❞✐❡ ♠❛♥❝❤❡❲✐$$❡♥$❝❤❛❢"❧❡+
"✉♥✱ ❛♥❞❡+❡ ❛❜❡+ ♥✐❝❤"✳ ❇✐""❡ $❛❣❡♥ ❙✐❡ ♠✐+✱ ✇✐❡ ✈✐❡❧❡ ❞✐❡$❡+ ❉✐♥❣❡ ❙✐❡ $❝❤♦♥ ♠❛❧
❣❡♠❛❝❤" ❤❛❜❡♥✳ ❇✐""❡ $❛❣❡♥ ❙✐❡ ♠✐+ ♥✐❝❤"✱ ✇❡❧❝❤❡ ❞✐❡$❡+ ❆❦"✐✈✐"1"❡♥ ❙✐❡ $❝❤♦♥ ♠❛❧
❣❡♠❛❝❤" ❤❛❜❡♥✱ $♦♥❞❡+♥ ✇✐❡ ✈✐❡❧❡ ✿
• ■❝❤ "+❡✛❡ ♠✐❝❤ ❥❡❞❡ ❲♦❝❤❡ ♠✐" ❑♦❧❧❡❣❡♥ ③✉♠ ▼✐""❛❣❡$$❡♥✳
• ■♥ ❞❡♥ ❧❡"③"❡♥ ✶✷ ▼♦♥❛"❡♥ ❤❛❜❡ ✐❝❤ ♠❡✐♥❡ ❆+❜❡✐" ✐♥ ♠❡❤+ ❛❧$ ✸ ❙♣+❛❝❤❡♥
♣+1$❡♥"✐❡+"✳
• ■❝❤ ❤❛❜❡ $❝❤♦♥ ♠❛❧ ✈♦+$1"③❧✐❝❤ ❡♠♣✐+✐$❝❤❡ ❉❛"❡♥ ♠❛♥✐♣✉❧✐❡+"✱ ✉♠ ♠❡✐♥❡ ❋♦+$❝❤✉♥❣$✲
❢+❛❣❡ ③✉ ❜❡$"1"✐❣❡♥✳
• ■❝❤ ♠❛❝❤❡ +❡❣❡❧♠1$$✐❣ ❤❛♥❞$❝❤+✐❢"❧✐❝❤❡ ◆♦"✐③❡♥ ❢M+ ✇✐$$❡♥$❝❤❛❢"❧✐❝❤❡ ❩✇❡❝❦❡✳
• ■❝❤ ❤❛❜❡ ❡✐♥ ♣+✐✈❛"❡$ ❆❜♦ ❢M+ ❞✐❡ O+✐♥"✈❡+$✐♦♥❡♥ ✈♦♥ ♠✐♥❞❡$"❡♥$ ③✇❡✐ ❩❡✐"✉♥✲
❣❡♥✳
❇✐""❡ "+❛❣❡♥ ❙✐❡ ✉♥"❡♥ ❡✐♥ ✇✐❡ ✈✐❡❧❡ ❞✐❡$❡+ ❆❦"✐✈✐"1"❡♥ ❙✐❡ $❝❤♦♥ ♠❛❧ ❣❡♠❛❝❤" ❤❛❜❡♥✳
✶✻✵
◗✺✳
❇❡✐ ❞✐❡$❡% ❋%❛❣❡ ✇❡%❞❡♥ ✇✐❡❞❡% ③✇❡✐ ❋%❛❣❡♥ ✐♥ ❡✐♥❡♠ ❇❧♦❝❦ ❣❡$1❡❧❧1✳ 3❜❡%❧❡❣❡♥
❙✐❡ $✐❝❤ ❜✐11❡ ✇✐❡❞❡% ③✉❡%$1✱ ✇✐❡ ❙✐❡ ❞✐❡ ❜❡✐❞❡♥ ❋%❛❣❡♥ ❡✐♥③❡❧♥ ❜❡❛♥1✇♦%1❡♥ ✇9%❞❡♥
✭❡♥1✇❡❞❡% ♠✐1 ❏❛ ♦❞❡% ♠✐1 ◆❡✐♥✮✱ $❝❤%❡✐❜❡♥ ❙✐❡ ❞✐❡$ ❛❜❡% ♥✐❝❤1 ❛✉❢✦ ❏❡ ♥❛❝❤❞❡♠
✇✐❡ ■❤%❡ ❆♥1✇♦%1❡♥ ❛✉❢ ❞✐❡$❡ ❜❡✐❞❡♥ ❋%❛❣❡♥ ❧❛✉1❡♥✱ ❦%❡✉③❡♥ ❙✐❡ ✐♠ ❆♥$❝❤❧✉$$ ❜✐11❡
▼C❣❧✐❝❤❦❡✐1 ✭❆✮ ♦❞❡% ✭❇✮ ❛♥✱ ✉♥❞ ③✇❛% ❞✐❡$♠❛❧ ♥❛❝❤ ❢♦❧❣❡♥❞❡♥ ❘❡❣❡❧♥✿
▲❛✉1❡1 ■❤%❡ ❆♥1✇♦%1 ❛✉❢ ❜❡✐❞❡ ❋%❛❣❡♥ ◆❡✐♥✱ $♦ $❡1③❡♥ ❙✐❡ ■❤% ❑%❡✉③ ❜❡✐ ✭❆✮✳ ▲❛✉1❡1
■❤%❡ ❆♥1✇♦%1 ❛✉❢ ♠✐♥❞❡$1❡♥$ ❡✐♥❡ ❞❡% ❋%❛❣❡♥ ❏❛✱ $♦ $❡1③❡♥ ❙✐❡ ■❤% ❑%❡✉③ ❜❡✐ ✭❇✮✳
■❤%❡ H%✐✈❛1$♣❤K%❡ ❜❧❡✐❜1 ❣❡$❝❤91③1✱ ❞❛ ✐❝❤ ■❤%❡ ❆♥1✇♦%1❡♥ ❛✉❢ ❞✐❡ ❡✐♥③❡❧♥❡♥ ❋%❛❣❡♥
♥✐❝❤1 ❦❡♥♥❡✳
• ■$1 ❞❡% ●❡❜✉%1$1❛❣ ■❤%❡$ ❱❛1❡%$ ❛♠ ✶✳✱ ✷✳✱ ✸✳✱ ✹✳ ♦❞❡% ✺✳ ❚❛❣ ❞❡$ ▼♦♥❛1$❄
• ❍❛❜❡♥ ❙✐❡ $❝❤♦♥ ♠❛❧ ❡✐♥❡ ❍②♣♦1❤❡$❡ ❣❡K♥❞❡%1✱ ♥❛❝❤❞❡♠ ❙✐❡ ❞✐❡ ❡♠♣✐%✐$❝❤❡♥
❊%❣❡❜♥✐$$❡ ❦❛♥♥1❡♥✱ ✉♠ ❞❡♥ ❊✐♥❞%✉❝❦ ③✉ ✈❡%♠✐11❡❧♥✱ ❞❛$$ $✐❡ $✐❝❤ ❜❡$1K1✐❣1❄
❲✐❡ ❧❛✉1❡♥ ❞✐❡ ❆♥1✇♦%1❡♥ ❛✉❢ ❜❡✐❞❡ ❋%❛❣❡♥❄
 ✭❆✮ ❆✉❢ ❜❡✐❞❡ ❋%❛❣❡♥ ◆❡✐♥
 ✭❇✮ ❆✉❢ ♠✐♥❞❡$1❡♥$ ❡✐♥❡ ❋%❛❣❡ ❏❛
✶✻✶
◗✻✳
❯♥❞ ♥♦❝❤ ♠❛❧✳ ❇❡✐ ❞✐❡-❡. ❋.❛❣❡ ✇❡.❞❡♥ ✇✐❡❞❡. ③✇❡✐ ❋.❛❣❡♥ ✐♥ ❡✐♥❡♠ ❇❧♦❝❦ ❣❡-4❡❧❧4✳
5❜❡.❧❡❣❡♥ ❙✐❡ -✐❝❤ ❜✐44❡ ✇✐❡❞❡. ③✉❡.-4✱ ✇✐❡ ❙✐❡ ❞✐❡ ❜❡✐❞❡♥ ❋.❛❣❡♥ ❡✐♥③❡❧♥ ❜❡❛♥4✇♦.4❡♥
✇:.❞❡♥ ✭❡♥4✇❡❞❡. ♠✐4 ❏❛ ♦❞❡. ♠✐4 ◆❡✐♥✮✱ -❝❤.❡✐❜❡♥ ❙✐❡ ❞✐❡- ❛❜❡. ♥✐❝❤4 ❛✉❢✦ ❏❡ ♥❛❝❤✲
❞❡♠ ✇✐❡ ■❤.❡ ❆♥4✇♦.4❡♥ ❛✉❢ ❞✐❡-❡ ❜❡✐❞❡♥ ❋.❛❣❡♥ ❧❛✉4❡♥✱ ❦.❡✉③❡♥ ❙✐❡ ✐♠ ❆♥-❝❤❧✉--
❜✐44❡ ▼E❣❧✐❝❤❦❡✐4 ✭❆✮ ♦❞❡. ✭❇✮ ❛♥✱ ✉♥❞ ③✇❛. ❞✐❡-♠❛❧ ♥❛❝❤ ❢♦❧❣❡♥❞❡♥ ❘❡❣❡❧♥✿
▲❛✉4❡4 ■❤.❡ ❆♥4✇♦.4 ❛✉❢ ❜❡✐❞❡ ❋.❛❣❡♥ ◆❡✐♥✱ -♦ -❡4③❡♥ ❙✐❡ ■❤. ❑.❡✉③ ❜❡✐ ✭❆✮✳ ▲❛✉4❡4
■❤.❡ ❆♥4✇♦.4 ❛✉❢ ♠✐♥❞❡-4❡♥- ❡✐♥❡ ❞❡. ❋.❛❣❡♥ ❏❛✱ -♦ -❡4③❡♥ ❙✐❡ ■❤. ❑.❡✉③ ❜❡✐ ✭❇✮✳
■❤.❡ J.✐✈❛4-♣❤M.❡ ❜❧❡✐❜4 ❣❡-❝❤:4③4✱ ❞❛ ✐❝❤ ■❤.❡ ❆♥4✇♦.4❡♥ ❛✉❢ ❞✐❡ ❡✐♥③❡❧♥❡♥ ❋.❛❣❡♥
♥✐❝❤4 ❦❡♥♥❡✳
• ■!" ❞❡% ●❡❜✉%"!"❛❣ ■❤%❡% ▼✉""❡% ❛♠ ✶✳✱ ✷✳✱ ✸✳✱ ✹✳ ♦❞❡% ✺✳ ❚❛❣ ❞❡! ▼♦♥❛"!❄
• ❍❛❜❡♥ ❙✐❡ !❝❤♦♥ ♠❛❧ ❊%❣❡❜♥✐!!❡ ③✉%@❝❦❣❡❤❛❧"❡♥✱ ✇❡✐❧ ❞✐❡!❡ ✐♠ ❲✐❞❡%!♣%✉❝❤
③✉ ■❤%❡% ✈♦%❤❡%✐❣❡♥ ❋♦%!❝❤✉♥❣ !"❛♥❞❡♥❄
❲✐❡ ❧❛✉"❡♥ ❞✐❡ ❆♥"✇♦%"❡♥ ❛✉❢ ❜❡✐❞❡ ❋%❛❣❡♥❄
 ✭❆✮ ❆✉❢ ❜❡✐❞❡ ❋%❛❣❡♥ ◆❡✐♥
 ✭❇✮ ❆✉❢ ♠✐♥❞❡!"❡♥! ❡✐♥❡ ❋%❛❣❡ ❏❛
❑O♥♥"❡♥ ❙✐❡ ❜✐""❡ ❞❡♥ P❛♣✐❡%❢%❛❣❡❜♦❣❡♥ ✐♥ ❞✐❡!❡♥ ❯♠!❝❤❧❛❣ ❣❡❜❡♥ ❬❯♠!❝❤❧❛❣ ❛✉!❤S♥❞✐✲
❣❡♥❪ ✉♥❞ ❞✐❡!❡♥ !✐❝❤❡% ✈❡%!❝❤❧✐❡V❡♥✳
✶✻✷
 !♦❜❡%
❉✐❡# ✇❛& ❡✐♥❡ ✉♥❣❡✇*❤♥❧✐❝❤❡ ❆&/ ✈♦♥ ❯♠❢&❛❣❡✳ ■❝❤ ✇❡&❞❡ ■❤♥❡♥ ♥✉♥ ❞✐❡#❡ ❋&❛❣❡♥
♥♦❝❤ ♠❛❧ ✈♦&❧❡❣❡♥ ❬❙❤♦✇❝❛&❞ ✈♦&❧❡❣❡♥❪✳ ■❝❤ ♠*❝❤/❡ ♥♦❝❤♠❛❧ ❜❡/♦♥❡♥✱ ❞❛## ✐❝❤ ❦❡✐♥
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❋♦" #❤✐& '✉❡&#✐♦♥✱ ②♦✉ ❛"❡ ❛&❦❡❞ #✇♦ '✉❡&#✐♦♥& ✐♥ ♦♥❡ ❜❧♦❝❦✳ 5❧❡❛&❡ &#❛"# #❤✐♥❦✐♥❣
❛❜♦✉# ❤♦✇ ②♦✉ ✇♦✉❧❞ ❛♥&✇❡" ❡❛❝❤ '✉❡&#✐♦♥ ✐♥❞✐✈✐❞✉❛❧❧② ✭❡✐#❤❡" ②❡& ♦" ♥♦✮✱ ❜✉# ❞♦
♥♦# ✇"✐#❡ #❤✐& ❞♦✇♥✳ ❉❡♣❡♥❞✐♥❣ ♦♥ ❤♦✇ ②♦✉ ✇♦✉❧❞ ❛♥&✇❡" #❤❡&❡ #✇♦ '✉❡&#✐♦♥&✱
♣❧❡❛&❡ ✐♥❞✐❝❛#❡ ✇❤❡#❤❡" #❤❡ ❛♥&✇❡" ✐& ✭❆✮ ♦" ✭❇✮ ❢♦❧❧♦✇✐♥❣ #❤❡ ✐♥&#"✉❝#✐♦♥& ❜❡❧♦✇✿
■❢ ②♦✉" ❛♥&✇❡" #♦ ❜♦#❤ '✉❡&#✐♦♥ ✐& ♥♦ ♦" #❤❡ ❛♥&✇❡" #♦ ❜♦#❤ '✉❡&#✐♦♥& ✐& ②❡&✱ ♣❧❡❛&❡
✐♥❞✐❝❛#❡ #❤✐& ❜② &❡❧❡❝#✐♥❣ ❛♥&✇❡" ✭❆✮✳ ■❢ ②♦✉" ❛♥&✇❡" #♦ ♦♥❡ ♦❢ #❤❡ '✉❡&#✐♦♥& ✐& ②❡&
❛♥❞ ✐# ✐& ♥♦ #♦ #❤❡ ♦#❤❡"✱ ♣❧❡❛&❡ ✐♥❞✐❝❛#❡ #❤✐& ❜② &❡❧❡❝#✐♥❣ ❛♥&✇❡" ✭❇✮✳
❨♦✉" ♣"✐✈❛❝② "❡♠❛✐♥& ♣"♦#❡❝#❡❞✱ ❛& ■ ❞♦ ♥♦# ❦♥♦✇ ②♦✉" ❛♥&✇❡" #♦ #❤❡ ✐♥❞✐✈✐❞✉❛❧
'✉❡&#✐♦♥&✳
• ■& ②♦✉" ♠♦#❤❡"✬& ❜✐"#❤❞❛② ✐♥ ❏❛♥✉❛"② ♦" ❋❡❜"✉❛"②❄
• ❍❛✈❡ ②♦✉ ❡✈❡" ❝❧❛✐♠❡❞ ✜"&# ❛✉#❤♦"&❤✐♣ ❢♦" ❛ ♣❛♣❡" ❦♥♦✇✐♥❣ #❤❛# &♦♠❡♦♥❡ ❡❧&❡
❝♦♥#"✐❜✉#❡❞ ♠♦"❡ #❤❛♥ ②♦✉❄
❲❤❛# ✐& #❤❡ ❛♥&✇❡" #♦ ❜♦#❤ '✉❡&#✐♦♥&❄
 ✭❆✮ ❇♦#❤ '✉❡&#✐♦♥& ②❡& ♦" ❜♦#❤ '✉❡&#✐♦♥& ♥♦
 ✭❇✮ ❖♥❡ '✉❡&#✐♦♥ ②❡& ❛♥❞ #❤❡ ♦#❤❡" ♦♥❡ ♥♦
✶✻✻
◗✷✳
❖♥❝❡ ❛❣❛✐♥✱ ②♦✉ ❛+❡ ❛,❦❡❞ /✇♦ 1✉❡,/✐♦♥, ✐♥ ♦♥❡ ❜❧♦❝❦✳ 5❧❡❛,❡ ,/❛+/ /❤✐♥❦✐♥❣ ❛❜♦✉/
❤♦✇ ②♦✉ ✇♦✉❧❞ ❛♥,✇❡+ ❡❛❝❤ 1✉❡,/✐♦♥ ✐♥❞✐✈✐❞✉❛❧❧② ✭❡✐/❤❡+ ②❡, ♦+ ♥♦✮✱ ❜✉/ ❞♦ ♥♦/
✇+✐/❡ /❤✐, ❞♦✇♥✳ ❉❡♣❡♥❞✐♥❣ ♦♥ ❤♦✇ ②♦✉ ✇♦✉❧❞ ❛♥,✇❡+ /❤❡,❡ /✇♦ 1✉❡,/✐♦♥,✱ ♣❧❡❛,❡
✐♥❞✐❝❛/❡ ✇❤❡/❤❡+ /❤❡ ❛♥,✇❡+ ✐, ✭❆✮ ♦+ ✭❇✮ ❢♦❧❧♦✇✐♥❣ /❤❡ ✐♥,/+✉❝/✐♦♥, ❜❡❧♦✇✿
■❢ ②♦✉+ ❛♥,✇❡+ /♦ ❜♦/❤ 1✉❡,/✐♦♥ ✐, ♥♦ ♦+ /❤❡ ❛♥,✇❡+ /♦ ❜♦/❤ 1✉❡,/✐♦♥, ✐, ②❡,✱ ♣❧❡❛,❡
✐♥❞✐❝❛/❡ /❤✐, ❜② ,❡❧❡❝/✐♥❣ ❛♥,✇❡+ ✭❆✮✳ ■❢ ②♦✉+ ❛♥,✇❡+ /♦ ♦♥❡ ♦❢ /❤❡ 1✉❡,/✐♦♥, ✐, ②❡,
❛♥❞ ✐/ ✐, ♥♦ /♦ /❤❡ ♦/❤❡+✱ ♣❧❡❛,❡ ✐♥❞✐❝❛/❡ /❤✐, ❜② ,❡❧❡❝/✐♥❣ ❛♥,✇❡+ ✭❇✮✳
❨♦✉+ ♣+✐✈❛❝② +❡♠❛✐♥, ♣+♦/❡❝/❡❞✱ ❛, ■ ❞♦ ♥♦/ ❦♥♦✇ ②♦✉+ ❛♥,✇❡+ /♦ /❤❡ ✐♥❞✐✈✐❞✉❛❧
1✉❡,/✐♦♥,✳
• ■, ②♦✉+ ❢❛/❤❡+✬, ❜✐+/❤❞❛② ✐♥ ❏❛♥✉❛+② ♦+ ❋❡❜+✉❛+②❄
• ❍❛✈❡ ②♦✉ ❡✈❡+ ✐♥/❡♥/✐♦♥❛❧❧② ✉,❡❞ ,♦♠❡♦♥❡ ❡❧,❡✬, ✐❞❡❛, ✇✐/❤♦✉/ ❣✐✈✐♥❣ /❤❡♠
❝+❡❞✐/❄
❲❤❛/ ✐, /❤❡ ❛♥,✇❡+ /♦ ❜♦/❤ 1✉❡,/✐♦♥,❄
 ✭❆✮ ❇♦/❤ 1✉❡,/✐♦♥, ②❡, ♦+ ❜♦/❤ 1✉❡,/✐♦♥, ♥♦
 ✭❇✮ ❖♥❡ 1✉❡,/✐♦♥ ②❡, ❛♥❞ /❤❡ ♦/❤❡+ ♦♥❡ ♥♦
✶✻✼
◗✸✳
■ ✇✐❧❧ $❡❛❞ ♦✉* ❛ ❧✐+* ♦❢ ❛❝*✐✈✐*✐❡+ *❤❛* +♦♠❡ $❡+❡❛$❝❤❡$+ ❞♦✱ ❜✉* ♦*❤❡$ ❞♦ ♥♦" ❞♦✳
4❧❡❛+❡ *❡❧❧ ♠❡✱ ❤♦✇ ♠❛♥② ♦❢ *❤❡+❡ *❤✐♥❣+ ②♦✉ ❤❛✈❡ ❡✈❡* ❞♦♥❡ ❜❡❢♦$❡✳ ❖♥❝❡ ❛❣❛✐♥
♣❧❡❛+❡ ❞♦♥✬* *❡❧❧ ♠❡ ✇❤✐❝❤ ♦♥❡+ ②♦✉ ❤❛✈❡ ❞♦♥❡✱ ❜✉* ♦♥❧② ❤♦✇ ♠❛♥② ♦❢ *❤❡♠ ②♦✉ ❤❛✈❡
❡✈❡* ❞♦♥❡✿
• ❖♥ ❛ *②♣✐❝❛❧ ✇♦$❦ ❞❛②✱ ■ ❝♦♠♠✉*❡ ♠♦$❡ *❤❛♥ ✺✵❦♠ ♦♥❡ ✇❛②✳
• ■ $❡❣✉❧❛$❧② ♣❛$*✐❝✐♣❛*❡ ✐♥ ♠② ✐♥+*✐*✉*✐♦♥✬+ $❡+❡❛$❝❤ ♠❡❡*✐♥❣+✳
• ■ ❤❛✈❡ +*$❛*❡❣✐❝❛❧❧② ❡①❝❧✉❞❡❞ ❛♥❛❧②+❡+ ❢$♦♠ ♠② ♣❛♣❡$ *♦ ✐♥❝$❡❛+❡ *❤❡ +✉❝❝❡++
♦❢ ❛ ♣✉❜❧✐❝❛*✐♦♥✳
• ■ ❤❛✈❡ ❛ ♣❡$+♦♥❛❧ +✉❜+❝$✐♣*✐♦♥ ❢♦$ ❛* ❧❡❛+* *✇♦ +❝✐❡♥*✐✜❝ ❥♦✉$♥❛❧✳
• ■ ♣$❡❞♦♠✐♥❛♥*❧② ✉+❡ ❲✐♥❞♦✇+ ❢♦$ ✇♦$❦✳
4❧❡❛+❡ ✇$✐*❡ ❞♦✇♥ ❜❡❧♦✇ ❤♦✇ ♠❛♥② ♦❢ *❤❡ ❛❝*✐✈✐*✐❡+ ②♦✉ ❤❛✈❡ ❡✈❡$ ❞♦♥❡✳
✶✻✽
◗✹✳
❖♥❝❡ ❛❣❛✐♥✱ ■ ✇✐❧❧ +❡❛❞ ♦✉/ ❛ ❧✐0/ ♦❢ ❛❝/✐✈✐/✐❡0 /❤❛/ 0♦♠❡ +❡0❡❛+❝❤❡+0 ❞♦✱ ❜✉/ ♦/❤❡+ ❞♦
♥♦" ❞♦✳ 7❧❡❛0❡ /❡❧❧ ♠❡✱ ❤♦✇ ♠❛♥② ♦❢ /❤❡0❡ /❤✐♥❣0 ②♦✉ ❤❛✈❡ ❡✈❡* ❞♦♥❡ ❜❡❢♦+❡✳ ❖♥❝❡
❛❣❛✐♥ ♣❧❡❛0❡ ❞♦♥✬/ /❡❧❧ ♠❡ ✇❤✐❝❤ ♦♥❡0 ②♦✉ ❤❛✈❡ ❞♦♥❡✱ ❜✉/ ♦♥❧② ❤♦✇ ♠❛♥② ♦❢ /❤❡♠
②♦✉ ❤❛✈❡ ❡✈❡* ❞♦♥❡✿
• ■ ❤❛✈❡ ❧✉♥❝❤ ✇✐/❤ ❝♦❧❧❡❛❣✉❡0 ❡✈❡+② ✇❡❡❦✳
• ■♥ /❤❡ ♣❛0/ ✶✷ ♠♦♥/❤✱ ■ ❤❛✈❡ ♣+❡0❡♥/❡❞ ♠② ✇♦+❦ ✐♥ ♠♦+❡ /❤❛♥ ✸ ❧❛♥❣✉❛❣❡0✳
• ■ ❤❛✈❡ ✐♥/❡♥/✐♦♥❛❧❧② ♠❛♥✐♣✉❧❛/❡❞ ❡♠♣✐+✐❝❛❧ ❞❛/❛ /♦ 0✉♣♣♦+/ ♠② +❡0❡❛+❝❤ @✉❡0✲
/✐♦♥✳
• ■ +❡❣✉❧❛+❧② /❛❦❡ ❤❛♥❞✇+✐//❡♥ ♥♦/❡0 ❢♦+ 0❝✐❡♥/✐✜❝ ♣✉+♣♦0❡0✳
• ■ ❤❛✈❡ ❛ ♣❡+0♦♥❛❧ 0✉❜0❝+✐♣/✐♦♥ ❢♦+ /❤❡ ♣+✐♥/ ✈❡+0✐♦♥ ♦❢ ❛/ ❧❡❛0/ /✇♦ ♥❡✇0♣❛♣❡+0✳
7❧❡❛0❡ ✇+✐/❡ ❞♦✇♥ ❜❡❧♦✇ ❤♦✇ ♠❛♥② ♦❢ /❤❡ ❛❝/✐✈✐/✐❡0 ②♦✉ ❤❛✈❡ ❡✈❡+ ❞♦♥❡✳
✶✻✾
◗✺✳
❋♦" #❤✐& '✉❡&#✐♦♥✱ ②♦✉ ❛"❡ ❛&❦❡❞ #✇♦ '✉❡&#✐♦♥& ✐♥ ♦♥❡ ❜❧♦❝❦ ❛❣❛✐♥✳ 6❧❡❛&❡ &#❛"#
#❤✐♥❦✐♥❣ ❛❜♦✉# ❤♦✇ ②♦✉ ✇♦✉❧❞ ❛♥&✇❡" ❡❛❝❤ '✉❡&#✐♦♥ ✐♥❞✐✈✐❞✉❛❧❧② ✭❡✐#❤❡" ②❡& ♦" ♥♦✮✱
❜✉# ❞♦ ♥♦# ✇"✐#❡ #❤✐& ❞♦✇♥✳ ❉❡♣❡♥❞✐♥❣ ♦♥ ❤♦✇ ②♦✉ ✇♦✉❧❞ ❛♥&✇❡" #❤❡&❡ #✇♦ '✉❡&✲
#✐♦♥&✱ ♣❧❡❛&❡ ✐♥❞✐❝❛#❡ ✇❤❡#❤❡" #❤❡ ❛♥&✇❡" ✐& ✭❆✮ ♦" ✭❇✮ #❤✐& #✐♠❡ ❢♦❧❧♦✇✐♥❣ #❤❡ ♥❡✇
✐♥&#"✉❝#✐♦♥& ❜❡❧♦✇✿
■❢ ②♦✉" ❛♥&✇❡" #♦ ❜♦#❤ '✉❡&#✐♦♥ ✐& ♥♦✱ ♣❧❡❛&❡ ✐♥❞✐❝❛#❡ #❤✐& ❜② &❡❧❡❝#✐♥❣ ❛♥&✇❡" ✭❆✮✳ ■❢
②♦✉" ❛♥&✇❡" #♦ ❛# ❧❡❛&# ♦♥❡ ♦❢ #❤❡ '✉❡&#✐♦♥& ✐& ②❡&✱ ♣❧❡❛&❡ ✐♥❞✐❝❛#❡ #❤✐& ❜② &❡❧❡❝#✐♥❣
❛♥&✇❡" ✭❇✮✳
❨♦✉" ♣"✐✈❛❝② "❡♠❛✐♥& ♣"♦#❡❝#❡❞✱ ❛& ■ ❞♦ ♥♦# ❦♥♦✇ ②♦✉" ❛♥&✇❡" #♦ #❤❡ ✐♥❞✐✈✐❞✉❛❧
'✉❡&#✐♦♥&✳
• ■& ②♦✉" ❢❛#❤❡"✬& ❜✐"#❤❞❛② #❤❡ ✶&#✱ ✷♥❞✱ ✸"❞✱ ✹#❤ ♦" ✺#❤ ♦❢ #❤❡ ♠♦♥#❤❄
• ❍❛✈❡ ②♦✉ ❡✈❡" ❝❤❛♥❣❡❞ ❛ ❤②♣♦#❤❡&✐& ✇❤❡♥ ②♦✉ ❛❧"❡❛❞② ❦♥❡✇ #❤❡ ❡♠♣✐"✐❝❛❧
"❡&✉❧#& #♦ ❣✐✈❡ #❤❡ ✐♠♣"❡&&✐♦♥ #❤❛# ✐# ✇❛& &✉♣♣♦"#❡❞❄
❲❤❛# ✐& #❤❡ ❛♥&✇❡" #♦ ❜♦#❤ '✉❡&#✐♦♥&❄
 ✭❆✮ ❜♦#❤ ✇✐#❤ ♥♦
 ✭❇✮ ❛# ❧❡❛&# ♦♥❡ ✇✐#❤ ②❡&
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The Applicability of Randomised Response Techniques (RRT) and the Item Count Technique 
(ICT) in the Field of Higher Education and Science Studies 
 
Participant Information Form 
 
 
We would like to invite you to take part in a research study. Before you decide whether you would like 
to take part it is important that you understand why the research is being done and what it would 
involve for you. Please take time to read the following information carefully and discuss it with others if 
you wish. Ask us if there is anything that is not clear or if you would like more information. 
 
What is the purpose of the study?  
This is a collaborative research project with Dr. David Johann (German Center for Higher Education 
and Science Studies) and Dr. Heiko Rauhut and Julia Jerke (both University of Zurich) investigating 
participants’ understanding of special survey question formats for sensitive questions. 
 
Why have I been invited? 
We want to understand how academics at all levels understand these different survey question 
formats. We have randomly selected a small sample of participants according to set quotas regarding 
the academic field, researchers’ status, and their gender.  
 
Do I have to take part?  
Your participation in this research project is completely voluntary. You can withdraw from part of the 
research or the project as a whole at any stage without being penalised or disadvantaged in any way. 
It is entirely up to you to decide whether or not to take part. If you do decide to take part, you will be 
asked to sign a consent form. This is a standard ethical procedure. If you decide to take part, you are 
still free to withdraw at any time and without giving a reason. The data will be fully anonymised. 
 
What will happen if I take part?  
 You will take part in so-called cognitive interview, in which we would like to find out more 
about how you understand and interpret a small number of survey questions. 
 This should not take up more than 15-20 minutes of your time. 
 Your participation in the study will end with the end of this interview. 
 We will not collect any personal information.  
 The research will take place at City…………………………                                        
 
What do I have to do?  
 You are asked to voice your reasoning about a series of survey questions. 
 This includes to tell us how you understand a particular question format, whether you feel that 
it better protects your privacy and anonymity, as well as if you find particular questions 
particularly sensitive to ask in the Higher Education environment.  
 
What are the possible disadvantages and risks of taking part?  
 There are no risks or disadvantages associated with this research.  
 We ensure full anonymity and confidentiality of your answers. 
 This research is for scientific purposes only.  
 
What are the possible benefits of taking part? 
This research is associated with indirect benefits. For instance, this research will inform future large n 
survey data collections and lead to a better protection of survey respondents’ anonymity and privacy 
in surveys.  
✶✼✺
What will happen when the research study stops?  
Once the research study has finished, the anonymized data will continue to be stored on a secure 
server at Cit……….y for a max. of 10 years. This is in accordance with the ethical guidelines at 
Citcccxcxvxy. The data will be deleted and the device physically destroyed after this deadline. 
 
Will my taking part in the study be kept confidential?  
 Only the local investigator, Dr. Kathrin Thomas, will have access to your raw data.  
 An anonymized data file will be made available via secure connections to the other 
investigators, but will not be shared with any third parties.  
 If you have given consent to audio recordings, these will be stored in a password protected 
folder on a secure server. Only your local investigator will have access to these data.  
 The data will not be achieved or shared with third parties.  
 This project collects data for research purposes only, none of the information shared will 
result in any risk of disclosure or other consequences for the participant. 
 
What will happen to results of the research study? 
The results of this study will inform a conference presentation and research publication. This research 
will not mention any details that may allow a third party to re-identify participants. If you are interested 
in the results of this research, you can reach your local investigator by email:  
kathrin.thomas@city.ac.uk or telephone: +44 (0) 207 040 4029 
 
What will happen if I do not want to carry on with the study?  
You can withdraw form this study at any point in time. Withdrawal will not result in any penalty or 
consequences for you.  
 
What if there is a problem? 
If you have any further enquiries about this research or encounter any problems, you can reach your 
local investigator by email: kathrin.thomas@city.ac.uk or telephone: +44 (0) 207 040 4029. 
 
If you have any problems, concerns or questions about this study, you should ask to speak to a 
member of the research team. If you remain unhappy and wish to complain formally, you can do this 
through City’s complaints procedure. To complain about the study, you need to phone 020 7040 
3040. You can then ask to speak to the Secretary to Senate Research Ethics Committee and inform 
them that the reference of the project is: Soc-REC / 80025566 / 21-03-17 
 
You could also write to the Secretary at:  
 
Anna Ramberg 
Research Governance & Compliance Manager  
Research & Enterprise  
City, University of London 
Northampton Square 
London 
EC1V 0HB                                      
Email: Anna.Ramberg.1@city.ac.uk 
 
City holds insurance policies which apply to this study. If you feel you have been harmed or injured by 
taking part in this study you may be eligible to claim compensation. This does not affect your legal 
rights to seek compensation. If you are harmed due to someone’s negligence, then you may have 
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Participant Consent Form 
 
 
I confirm that the aim of the project has been explained to me and that I have understood that this 
research will involve being cognitively interviewed by a researcher.  
 
I understand that any information I provide is confidential, and that no information that could lead to 
the identification of any individual will be disclosed in any reports on the project, or to any other party. 
No identifiable personal data will be published. The identifiable data will not be shared with any other 
organisation. Only fully anonymous transcripts of the data may be passed on to the core scientific 
team for analysis.  
 
My participation in this research is completely voluntary. I understand that I can withdraw from part of 
the project or the project as a whole at any stage of the project without being penalised or 
disadvantaged in any way.  
 
I agree to City recording and processing the information provided on this form about me. I understand 
that this information will be used only for the purposes set out in this statement and my consent is 
conditional on City complying with its duties and obligations under the Data Protection Act 1998. 
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✐❝❛♥< ✜♥❞✐♥❣.✳ ❈❧✐♥✐❝❛❧ ❚,✐❛❧6✱ ✹✭✸✮✿✷✹✺✕✷✺✸✳
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▼❡&❛✲❛♥❛❧②7✐7 ♦❢ ?❛♥❞♦♠✐③❡❞ ?❡7♣♦♥7❡ ?❡7❡❛?❝❤✿ ❚❤✐?&②✲✜✈❡ ②❡❛?7 ♦❢ ✈❛❧✐❞❛&✐♦♥✳
❙♦❝✐♦❧♦❣✐❝❛❧ ▼❡+❤♦❞) ✫ ❘❡)❡❛!❝❤✱ ✸✸✭✸✮✿✸✶✾✕✸✹✽✳
▲♦❝❛♥❞❡?✱ ❲✳✱ ❙✉❞♠❛♥✱ ❙✳✱ ❛♥❞ ❇?❛❞❜✉?♥✱ ◆✳ ✭✶✾✼✻✮✳ ❆♥ ✐♥✈❡7&✐❣❛&✐♦♥ ♦❢ ✐♥&❡?✲
✈✐❡✇ ♠❡&❤♦❞✱ &❤?❡❛& ❛♥❞ ?❡7♣♦♥7❡ ❞✐7&♦?&✐♦♥✳ ❏♦✉!♥❛❧ ♦❢ +❤❡ ❆♠❡!✐❝❛♥ ❙+❛+✐)+✐❝❛❧
❆))♦❝✐❛+✐♦♥✱ ✼✶✭✸✺✹✮✿✷✻✾✕✷✼✺✳
▲♦♥❣✱ ❏✳✱ ▲♦♥❣✱ ❏✳✱ ❛♥❞ ❋?❡❡7❡✱ ❏✳ ✭✶✾✾✼✮✳ ❘❡❣!❡))✐♦♥ ▼♦❞❡❧) ❢♦! ❈❛+❡❣♦!✐❝❛❧ ❛♥❞
▲✐♠✐+❡❞ ❉❡♣❡♥❞❡♥+ ❱❛!✐❛❜❧❡)✳ ❆❞✈❛♥❝❡❞ ◗✉❛♥&✐&❛&✐✈❡ ❚❡❝❤♥✐d✉❡7 ✐♥ &❤❡ ❙♦❝✐❛❧
❙❝✐❡♥❝❡7✳ ❙❆●❊ K✉❜❧✐❝❛&✐♦♥7✳
▼❛❞❞❛❧❛✱ ●✳ ✭✶✾✽✸✮✳ ▲✐♠✐+❡❞ ❉❡♣❡♥❞❡♥+ ❛♥❞ ◗✉❛❧✐+❛+✐✈❡ ❱❛!✐❛❜❧❡) ✐♥ ❊❝♦♥♦♠❡+!✐❝) ✳
❈❛♠❜?✐❞❣❡✱ ❯❑✿ ❈❛♠❜?✐❞❣❡ ❯♥✐✈❡?7✐&② K?❡77✳
▼❛♥❣✐♦♥❡✱ ❚✳ ❲✳✱ ❋♦✇❧❡?✱ ❋✳ ❏✳ ❏✳✱ ❛♥❞ ▲♦✉✐7✱ ❚✳ ❆✳ ✭✶✾✾✷✮✳ ◗✉❡7&✐♦♥ ❝❤❛?❛❝&❡?✐7&✐❝7
❛♥❞ ✐♥&❡?✈✐❡✇❡? ❡✛❡❝&7✳ ❏♦✉!♥❛❧ ♦❢ ❖✣❝✐❛❧ ❙+❛+✐)+✐❝)✱ ✽✭✸✮✿✷✾✸✕✸✵✼✳
▼❛?7❞❡♥✱ ❍✳✱ ❈❛??♦❧❧✱ ▼✳✱ ❛♥❞ ◆❡✐❧❧✱ ❏✳ ❚✳ ✭✷✵✵✺✮✳ ❲❤♦ ❝❤❡❛&7 ❛& ✉♥✐✈❡?7✐&②❄ ❆ 7❡❧❢✲
?❡♣♦?& 7&✉❞② ♦❢ ❞✐7❤♦♥❡7& ❛❝❛❞❡♠✐❝ ❜❡❤❛✈✐♦✉?7 ✐♥ ❛ 7❛♠♣❧❡ ♦❢ ❛✉7&?❛❧✐❛♥ ✉♥✐✈❡?7✐&②
7&✉❞❡♥&7✳ ❆✉)+!❛❧✐❛♥ ❏♦✉!♥❛❧ ♦❢  )②❝❤♦❧♦❣②✱ ✺✼✭✶✮✿✶✕✶✵✳
▼❛?&✐♥7♦♥✱ ❇✳ ❈✳✱ ❆♥❞❡?7♦♥✱ ▼✳ ❙✳✱ ❛♥❞ ❉❡ ❱?✐❡7✱ ❘✳ ✭✷✵✵✺✮✳ ❙❝✐❡♥&✐7&7 ❜❡❤❛✈✐♥❣
❜❛❞❧②✳ ◆❛+✉!❡✱ ✹✸✺✭✼✵✹✸✮✿✼✸✼✕✼✸✽✳
▼❛7✐❝❛♠♣♦✱ ❊✳ ❏✳ ❛♥❞ ▲❛❧❛♥❞❡✱ ❉✳ ❘✳ ✭✷✵✶✷✮✳ ❆ ♣❡❝✉❧✐❛? ♣?❡✈❛❧❡♥❝❡ ♦❢ ♣ ✈❛❧✉❡7
❥✉7& ❜❡❧♦✇ ✳✵✺✳ ◗✉❛!+❡!❧② ❏♦✉!♥❛❧ ♦❢ ❊①♣❡!✐♠❡♥+❛❧  )②❝❤♦❧♦❣②✱ ✻✺✭✶✶✮✿✷✷✼✶✕✷✷✼✾✳
✶✽✼
▼❝❈❛❜❡✱ ❉✳ ▲✳ ❛♥❞ ❚-❡✈✐♥♦✱ ▲✳ ❑✳ ✭✶✾✾✼✮✳ ■♥❞✐✈✐❞✉❛❧ ❛♥❞ ❝♦♥:❡①:✉❛❧ ✐♥✢✉❡♥❝❡= ♦♥
❛❝❛❞❡♠✐❝ ❞✐=❤♦♥❡=:②✿ ❆ ♠✉❧:✐❝❛♠♣✉= ✐♥✈❡=:✐❣❛:✐♦♥✳ ❘❡"❡❛$❝❤ ✐♥ ❍✐❣❤❡$ ❊❞✉❝❛.✐♦♥✱
✸✽✭✸✮✿✸✼✾✕✸✾✻✳
▼❝❈-❛-②✱ ❏✳ ✭✷✵✵✽✮✳ ▼❛♥✐♣✉❧❛:✐♦♥ ♦❢ :❤❡ -✉♥♥✐♥❣ ✈❛-✐❛❜❧❡ ✐♥ :❤❡ -❡❣-❡==✐♦♥ ❞✐=❝♦♥✲
:✐♥✉✐:② ❞❡=✐❣♥✿ ❆ ❞❡♥=✐:② :❡=:✳ ❏♦✉$♥❛❧ ♦❢ ❊❝♦♥♦♠❡.$✐❝"✱ ✶✹✷✭✷✮✿✻✾✽ ✕ ✼✶✹✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✸✻✮✳ ❚❤❡ ✉♥❛♥:✐❝✐♣❛:❡❞ ❝♦♥=❡P✉❡♥❝❡= ♦❢ ♣✉-♣♦=✐✈❡ =♦❝✐❛❧ ❛❝:✐♦♥✳
❆♠❡$✐❝❛♥ ❙♦❝✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇✱ ✶✭✻✮✿✽✾✹✕✾✵✹✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✸✽❛✮✳ ❙❝✐❡♥❝❡ ❛♥❞ :❤❡ =♦❝✐❛❧ ♦-❞❡-✳ 8❤✐❧♦"♦♣❤② ♦❢ ❙❝✐❡♥❝❡✱
✺✭✸✮✿✸✷✶✕✸✸✼✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✸✽❜✮✳ ❙♦❝✐❛❧ =:-✉❝:✉-❡ ❛♥❞ ❛♥♦♠✐❡✳ ❆♠❡$✐❝❛♥ ❙♦❝✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇✱
✸✭✺✮✿✻✼✷✕✻✽✷✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✹✷✮✳ ❆ ♥♦:❡ ♦♥ =❝✐❡♥❝❡ ❛♥❞ ❞❡♠♦❝-❛❝②✳ ❏♦✉$♥❛❧ ♦❢ ▲❡❣❛❧ ❛♥❞
8♦❧✐.✐❝❛❧ ❙♦❝✐♦❧♦❣②✱ ✶✭✶ ❛♥❞ ✷✮✿✶✶✺✕✶✷✻✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✺✼✮✳ S-✐♦-✐:✐❡= ✐♥ =❝✐❡♥:✐✜❝ ❞✐=❝♦✈❡-②✳ ❆♠❡$✐❝❛♥ ❙♦❝✐♦❧♦❣✐❝❛❧
❘❡✈✐❡✇✱ ✷✷✭✻✮✿✻✸✺✕✻✺✾✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✻✽✮✳ ❙❝✐❡♥❝❡ ❛♥❞ ❞❡♠♦❝-❛:✐❝ =♦❝✐❛❧ =:-✉❝:✉-❡✳ ■♥ ❙♦❝✐❛❧ ❚❤❡♦$②
❛♥❞ ❙♦❝✐❛❧ ❙.$✉❝.✉$❡✱ ♣❛❣❡= ✻✵✺✕✻✶✺✳ ◆❡✇ ❨♦-❦✿ ❋-❡❡ S-❡==✳
▼❡-:♦♥✱ ❘✳ ❑✳ ✭✶✾✼✵✮✳ ❇❡❤❛✈✐♦- ♣❛::❡-♥= ♦❢ =❝✐❡♥:✐=:=✳ ▲❡♦♥❛$❞♦✱ ✸✿✷✶✸✕✷✷✵✳
▼✐❧❧❡-✱ ❏✳ ❉✳ ✭✶✾✽✹✮✳ ❆ ♥❡✇ "✉$✈❡② .❡❝❤♥✐=✉❡ ❢♦$ ".✉❞②✐♥❣ ❞❡✈✐❛♥. ❜❡❤❛✈✐♦$✳ ❯♥✲
♣✉❜❧✐=❤❡❞ S❤✳❉ ❚❤❡=✐=✳ ●❡♦-❣❡ ❲❛=❤✐♥❣:♦♥ ❯♥✐✈❡-=✐:②✱ ❉❡♣❛-:♠❡♥: ♦❢ ❙♦❝✐♦❧♦❣②✱
❲❛=❤✐♥❣:♦♥✱ ❉❈✳
▼✐=❤❧❡-✱ ❊✳ ●✳ ✭✶✾✽✻✮✳ ❘❡"❡❛$❝❤ ■♥.❡$✈✐❡✇✐♥❣✳ ❈❛♠❜-✐❞❣❡✿ ❍❛-✈❛-❞ ❯♥✐✈❡-=✐:②
S-❡==✳
▼♦♦❞✱ ❈✳ ✭✷✵✶✵✮✳ ▲♦❣✐=:✐❝ -❡❣-❡==✐♦♥✿ ❲❤② ✇❡ ❝❛♥♥♦: ❞♦ ✇❤❛: ✇❡ :❤✐♥❦ ✇❡ ❝❛♥
❞♦✱ ❛♥❞ ✇❤❛: ✇❡ ❝❛♥ ❞♦ ❛❜♦✉: ✐:✳ ❊✉$♦♣❡❛♥ ❙♦❝✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇✱ ✷✻✭✶✮✿✻✼✕✽✷✳
▼♦♦❞②✱ ❏✳ ✭✷✵✵✹✮✳ ❚❤❡ =:-✉❝:✉-❡ ♦❢ ❛ =♦❝✐❛❧ =❝✐❡♥❝❡ ❝♦❧❧❛❜♦-❛:✐♦♥ ♥❡:✇♦-❦✿ ❉✐=❝✐✲
♣❧✐♥❛-② ❝♦❤❡=✐♦♥ ❢-♦♠ ✶✾✻✸ :♦ ✶✾✾✾✳ ❆♠❡$✐❝❛♥ ❙♦❝✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇✱ ✻✾✭✷✮✿✷✶✸✕✷✸✽✳
▼♦=❤❛❣❡♥✱ ▼✳✱ ❍✐❧❜✐❣✱ ❇✳ ❊✳✱ ❊-❞❢❡❧❞❡-✱ ❊✳✱ ❛♥❞ ▼♦-✐:③✱ ❆✳ ✭✷✵✶✹✮✳ ❆♥ ❡①♣❡-✐✲
♠❡♥:❛❧ ✈❛❧✐❞❛:✐♦♥ ♠❡:❤♦❞ ❢♦- P✉❡=:✐♦♥✐♥❣ :❡❝❤♥✐P✉❡= :❤❛: ❛==❡== =❡♥=✐:✐✈❡ ✐==✉❡=✳
❊①♣❡$✐♠❡♥.❛❧ 8"②❝❤♦❧♦❣②✱ ✻✶✭✶✮✿✹✽✕✺✹✳
▼✉=:✐❧❧♦✱ ❙✳ ❆✳✱ ▲✐③❛-❞♦✱ ❖✳ ❆✳✱ ❛♥❞ ▼❝❱❡✐❣❤✱ ❘✳ ▼✳ ✭✷✵✶✽✮✳ ❊❞✐:♦-=✬ ❝♦♠✲
♠❡♥:✿ ❆ ❢❡✇ ❣✉✐❞❡❧✐♥❡= ❢♦- P✉❛♥:✐:❛:✐✈❡ =✉❜♠✐==✐♦♥=✳ ❆♠❡$✐❝❛♥ ❙♦❝✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇✱
✽✸✭✻✮✿✶✷✽✶✕✶✷✽✸✳
◆❛❦❤❛❡❡✱ ▼✳ ❘✳✱ S❛❦-❛✈❛♥✱ ❋✳✱ ❛♥❞ ◆❛❦❤❛❡❡✱ ◆✳ ✭✷✵✶✸✮✳ S-❡✈❛❧❡♥❝❡ ♦❢ ✉=❡ ♦❢
❛♥❛❜♦❧✐❝ =:❡-♦✐❞= ❜② ❜♦❞②❜✉✐❧❞❡-= ✉=✐♥❣ :❤-❡❡ ♠❡:❤♦❞= ✐♥ ❛ ❝✐:② ♦❢ ■-❛♥✳ ❆❞❞✐❝.✐♦♥
✫ ❍❡❛❧.❤✱ ✺✭✸✲✹✮✿✼✼✳
◆❡✉❢❡❧❞✱ ❏✳ ❛♥❞ ❏♦❤❛♥♥✱ ❉✳ ✭✷✵✶✻✮✳ ❲✐""❡♥"❝❤❛❢.❧❡$❜❡❢$❛❣✉♥❣ ✷✵✶✻✿ ❱❛$✐✲
❛❜❧❡♥❜❡$✐❝❤. ✲ ❍❛❡✉✜❣❦❡✐."❛✉"③❛❡❤❧✉♥❣✳ ❍❛♥♥♦✈❡-✴❇❡-❧✐♥✿ ❉❩❍❲✳
❖❊❈❉ ✭✷✵✵✼✮✳ ❲♦$❦✐♥❣ 8❛$.② ♦❢ ◆❛.✐♦♥❛❧ ❊①♣❡$." ♦♥ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②
■♥❞✐❝❛.♦$"✳ ❘❡✈✐"❡❞ ❋✐❡❧❞ ♦❢ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ✭❋❖❙✮ ❈❧❛""✐✜❝❛.✐♦♥ ✐♥ .❤❡
❋$❛"❝❛.✐ ▼❛♥✉❛❧✳ S❛-✐=✿ ❖❊❈❉✳
✶✽✽
❖✣❝❡ ♦❢ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② 0♦❧✐❝② ✭✷✵✵✵✮✳ ❊①❡❝✉9✐✈❡ ♦✣❝❡ ♦❢ 9❤❡ ♣<❡=✐❞❡♥9❀
❢❡❞❡<❛❧ ♣♦❧✐❝② ♦♥ <❡=❡❛<❝❤ ♠✐=❝♦♥❞✉❝9❀ ♣<❡❛♠❜❧❡ ❢♦< <❡=❡❛<❝❤ ♠✐=❝♦♥❞✉❝9 ♣♦❧✐❝②✳
❋❡❞❡#❛❧ ❘❡❣✐)*❡#✱ ✻✺✭✷✸✺✮✿✼✻✷✻✵✕✼✻✷✻✹✳
❖❧=♦♥✱ ▼✳ ✭✶✾✻✺✮✳ ❚❤❡ ▲♦❣✐❝ ♦❢ ❈♦❧❧❡❝*✐✈❡ ❆❝*✐♦♥✳ ❆♠❡<✐❝❛♥ =9✉❞✐❡= ❝♦❧❧❡❝9✐♦♥✳
❈❛♠❜<✐❞❣❡✿ ❍❛<✈❛<❞ ❯♥✐✈❡<=✐9② 0<❡==✳
❖♣❡♥ ❙❝✐❡♥❝❡ ❈♦❧❧❛❜♦<❛9✐♦♥ ✭✷✵✶✷✮✳ ❆♥ ♦♣❡♥✱ ❧❛<❣❡✲=❝❛❧❡✱ ❝♦❧❧❛❜♦<❛9✐✈❡ ❡✛♦<9 9♦
❡=9✐♠❛9❡ 9❤❡ <❡♣<♦❞✉❝✐❜✐❧✐9② ♦❢ ♣=②❝❤♦❧♦❣✐❝❛❧ =❝✐❡♥❝❡✳ 5❡#)♣❡❝*✐✈❡) ♦♥ 5)②❝❤♦❧♦❣✐❝❛❧
❙❝✐❡♥❝❡✱ ✼✭✻✮✿✻✺✼✕✻✻✵✳
❖♣❡♥ ❙❝✐❡♥❝❡ ❈♦❧❧❛❜♦<❛9✐♦♥ ✭✷✵✶✺✮✳ ❊=9✐♠❛9✐♥❣ 9❤❡ <❡♣<♦❞✉❝✐❜✐❧✐9② ♦❢ ♣=②❝❤♦❧♦❣✐❝❛❧
=❝✐❡♥❝❡✳ ❙❝✐❡♥❝❡✱ ✸✹✾✭✻✷✺✶✮✳
❖=9❛♣❝③✉❦✱ ▼✳✱ ▼♦=❤❛❣❡♥✱ ▼✳✱ ❩❤❛♦✱ ❩✳✱ ❛♥❞ ▼✉=❝❤✱ ❏✳ ✭✷✵✵✾✮✳ ❆==❡==✐♥❣ =❡♥=✐9✐✈❡
❛99<✐❜✉9❡= ✉=✐♥❣ 9❤❡ <❛♥❞♦♠✐③❡❞ <❡=♣♦♥=❡ 9❡❝❤♥✐V✉❡✿ ❊✈✐❞❡♥❝❡ ❢♦< 9❤❡ ✐♠♣♦<9❛♥❝❡
♦❢ <❡=♣♦♥=❡ =②♠♠❡9<②✳ ❏♦✉#♥❛❧ ♦❢ ❊❞✉❝❛*✐♦♥❛❧ ❛♥❞ ❇❡❤❛✈✐♦#❛❧ ❙*❛*✐)*✐❝)✱ ✸✹✭✷✮✿✷✻✼✕
✷✽✼✳
0❛❧❞❛♠✱ ▼✳ ✭✷✵✶✽✮✳ ❚❤❡ =9<❛9❡❣✐❡= ♦❢ ❡❝♦♥♦♠✐❝ <❡=❡❛<❝❤ ✲ ❆♥ ❡♠♣✐<✐❝❛❧ =9✉❞②✳
❊❝♦♥♦♠✐❝= ✇♦<❦✐♥❣ ♣❛♣❡<=✱ ❉❡♣❛<9♠❡♥9 ♦❢ ❊❝♦♥♦♠✐❝= ❛♥❞ ❇✉=✐♥❡== ❊❝♦♥♦♠✐❝=✱
❆❛<❤✉= ❯♥✐✈❡<=✐9②✳
0❛<❦✱ ❈✳ ✭✷✵✵✸✮✳ ■♥ ♦9❤❡< ✭♣❡♦♣❧❡✬=✮ ✇♦<❞=✿ 0❧❛❣✐❛<✐=♠ ❜② ✉♥✐✈❡<=✐9② =9✉❞❡♥9=✕
❧✐9❡<❛9✉<❡ ❛♥❞ ❧❡==♦♥=✳ ❆))❡))♠❡♥* ✫ ❊✈❛❧✉❛*✐♦♥ ✐♥ ❍✐❣❤❡# ❊❞✉❝❛*✐♦♥✱ ✷✽✭✺✮✿✹✼✶✕
✹✽✽✳
0❛9<③❡❦✱ ❏✳✱ ❙❛99❧❡<✱ ❙✳✱ ✈❛♥ ❱❡❡♥✱ ❋✳✱ ●<✉♥=❝❤❡❧✱ ❈✳✱ ❛♥❞ ❋<✐❡=✱ ❙✳ ✭✷✵✶✺✮✳ ■♥✈❡=9✐❣❛9✲
✐♥❣ 9❤❡ ❡✛❡❝9 ♦❢ ❛❝❛❞❡♠✐❝ ♣<♦❝<❛=9✐♥❛9✐♦♥ ♦♥ 9❤❡ ❢<❡V✉❡♥❝② ❛♥❞ ✈❛<✐❡9② ♦❢ ❛❝❛❞❡♠✐❝
♠✐=❝♦♥❞✉❝9✿ ❆ ♣❛♥❡❧ =9✉❞②✳ ❙*✉❞✐❡) ✐♥ ❍✐❣❤❡# ❊❞✉❝❛*✐♦♥✱ ✹✵✭✻✮✿✶✵✶✹✕✶✵✷✾✳
0❡❦✱ ❏✳ ❛♥❞ ❋❧♦<❛✱ ❉✳ ✭✷✵✶✻✮✳ ❘❡♣♦<9✐♥❣ ❡✛❡❝9 =✐③❡= ✐♥ ♦<✐❣✐♥❛❧ ♣=②❝❤♦✲
❧♦❣✐❝❛❧ <❡=❡❛<❝❤✿ ❆ ❞✐=❝✉==✐♦♥ ❛♥❞ 9✉9♦<✐❛❧✳ 5)②❝❤♦❧♦❣✐❝❛❧ ▼❡*❤♦❞)✱ ✷✸✿❞♦✐✿
✶✵✳✶✵✸✼✴♠❡9✵✵✵✵✶✷✻✳
0❡♥❣✱ ❚✳ ◗✳ ❛♥❞ ❩❤✉✱ ❏✳ ❏✳ ❍✳ ✭✷✵✶✷✮✳ ❲❤❡<❡ ②♦✉ ♣✉❜❧✐=❤ ♠❛99❡<= ♠♦=9✿ ❆ ♠✉❧9✐❧❡✈❡❧
❛♥❛❧②=✐= ♦❢ ❢❛❝9♦<= ❛✛❡❝9✐♥❣ ❝✐9❛9✐♦♥= ♦❢ ✐♥9❡<♥❡9 =9✉❞✐❡=✳ ❏♦✉#♥❛❧ ♦❢ *❤❡ ❆♠❡#✐❝❛♥
❙♦❝✐❡*② ❢♦# ■♥❢♦#♠❛*✐♦♥ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱ ✻✸✭✾✮✿✶✼✽✾✕✶✽✵✸✳
❘❛9❤♠❛♥♥✱ ❏✳ ❛♥❞ ❘❛✉❤✉9✱ ❍✳ ✳ ✭✷✵✶✾✮✳ ❚❡❛♠= ♣<❡✈❡♥9 ♠✐=❝♦♥❞✉❝9✿ ❆ =9✉❞②
♦❢ <❡9<❛❝9❡❞ ❛<9✐❝❧❡= ❢<♦♠ 9❤❡ ✇❡❜ ♦❢ =❝✐❡♥❝❡✳ ■♥ ✶✼*❤ ■♥*❡#♥❛*✐♦♥❛❧ ❈♦♥❢❡#❡♥❝❡
♦♥ ❙❝✐❡♥*♦♠❡*#✐❝) ❛♥❞ ■♥❢♦#♠❡*#✐❝)✱ ■❙❙■ ✷✵✶✾✱ ♣❛❣❡= ✶✵✸✷✕✶✵✸✼✳ ■♥9❡<♥❛9✐♦♥❛❧
❙♦❝✐❡9② ❢♦< ❙❝✐❡♥9♦♠❡9<✐❝= ❛♥❞ ■♥❢♦<♠❡9<✐❝=✳
❘❛②❜✉<♥✱ ◆✳ ❘✳✱ ❊❛<❧❡②✇✐♥❡✱ ▼✳✱ ❛♥❞ ❉❛✈✐=♦♥✱ ●✳ ❈✳ ✭✷✵✵✸✮✳ ❆♥ ✐♥✈❡=9✐❣❛9✐♦♥ ♦❢
❜❛=❡ <❛9❡= ♦❢ ❛♥9✐✲❣❛② ❤❛9❡ ❝<✐♠❡= ✉=✐♥❣ 9❤❡ ✉♥♠❛9❝❤❡❞✲❝♦✉♥9 9❡❝❤♥✐V✉❡✳ ❏♦✉#♥❛❧
♦❢ ❆❣❣#❡))✐♦♥✱ ▼❛❧*#❡❛*♠❡♥* ✫ ❚#❛✉♠❛✱ ✻✭✷✮✿✶✸✼✕✶✺✷✳
❘♦=❡♥9❤❛❧✱ ❘✳ ✭✶✾✼✾✮✳ ❚❤❡ ✜❧❡ ❞<❛✇❡< ♣<♦❜❧❡♠ ❛♥❞ 9♦❧❡<❛♥❝❡ ❢♦< ♥✉❧❧ <❡=✉❧9=✳ 5)②✲
❝❤♦❧♦❣✐❝❛❧ ❇✉❧❧❡*✐♥✱ ✽✻✭✸✮✿✻✸✽✳
❙❛❤♥❡<✱ ❍✳ ✭✶✾✼✾✮✳ ❱❡<f✛❡♥9❧✐❝❤9❡ ❡♠♣✐<✐=❝❤❡ ❙♦③✐❛❧❢♦<=❝❤✉♥❣✿ ❊✐♥❡ ❑✉♠✉❧❛9✐♦♥
✈♦♥ ❆<9❡❢❛❦9❡♥❄ ❊✐♥❡ 0❡<✐♦❞✐❦❛✳ ❩❡✐*)❝❤#✐❢* ❢J# ❙♦③✐♦❧♦❣✐❡✱ ✽✭✸✮✿✷✻✼✕✷✼✽✳
❙❛99❧❡<✱ ❙✳ ✭✷✵✵✼✮✳ 5❧❛❣✐❛*❡ ✐♥ ❍❛✉)❛#❜❡✐*❡♥✿ ❊#❦❧O#✉♥❣)♠♦❞❡❧❧❡ ♠✐* ❍✐❧❢❡ ❞❡# ❘❛✲
*✐♦♥❛❧ ❈❤♦✐❝❡ ❚❤❡♦#✐❡✳ ❍❛♠❜✉<❣✱ ●❡<♠❛♥②✿ ❱❡<❧❛❣ ❉<✳ ❑♦✈❛❝✳
✶✽✾
❙❝❤❡❡$%✱ ◆✳ ❛♥❞ ❉❛②.♦♥✱ ❈✳ ▼✳ ✭✶✾✽✽✮✳ ❈♦✈❛$✐❛.❡ $❛♥❞♦♠✐③❡❞ $❡%♣♦♥%❡ ♠♦❞❡❧%✳
❏♦✉#♥❛❧ ♦❢ (❤❡ ❆♠❡#✐❝❛♥ ❙(❛(✐0(✐❝❛❧ ❆00♦❝✐❛(✐♦♥✱ ✽✸✭✹✵✹✮✿✾✻✾✕✾✼✹✳
❙❝❤♥❡✐❞❡$✱ ❏✳ ❲✳ ❛♥❞ ❍❡♥$✐❦%❡♥✱ ❉✳ ✭✷✵✶✸✮✳ ❆$❡ ❧❛$❣❡$ ❡✛❡❝. %✐③❡% ✐♥ ❡①♣❡$✐♠❡♥✲
.❛❧ %.✉❞✐❡% ❣♦♦❞ ♣$❡❞✐❝.♦$% ♦❢ ❤✐❣❤❡$ ❝✐.❛.✐♦♥ $❛.❡%❄ ❆ ❜❛②❡%✐❛♥ ❡①❛♠✐♥❛.✐♦♥✳
1#♦❝❡❡❞✐♥❣0 ♦❢ (❤❡ ■♥(❡#♥❛(✐♦♥❛❧ ❈♦♥❢❡#❡♥❝❡ ♦♥ ❙❝✐❡♥(♦♠❡(#✐❝0 ❛♥❞ ■♥❢♦#♠❡(#✐❝0 ✱
✼✺✭✹✮✿✶✺✷✕✶✻✻✳
❙❝❤♥❡❧❧✱ ❘✳✱ ❚❤♦♠❛%✱ ❑✳✱ ❛♥❞ ◆♦❛❝❦✱ ▼✳ ✭✷✵✶✾✮✳ ❊❞✉❝❛.✐♦♥ ❡✛❡❝.% ✐♥ .❤❡ ❡%.✐♠❛.✐♥❣
%❡♥%✐.✐✈❡ ❜❡❤❛✈✐♦✉$ ✉%✐♥❣ .❤❡ ❝$♦%%✇✐%❡ ♠♦❞❡❧✿ ❆ ♠❡.❛ ❛♥❛❧②%✐% ❛♥❞ .❡%.✳ ❯♥❞❡#
❘❡✈✐❡✇✳
❙❡❧✈✐♥✱ ❍✳ ❈✳ ✭✶✾✺✼✮✳ ❆ ❝$✐.✐X✉❡ ♦❢ .❡%.% ♦❢ %✐❣♥✐✜❝❛♥❝❡ ✐♥ %✉$✈❡② $❡%❡❛$❝❤✳ ❆♠❡#✐❝❛♥
❙♦❝✐♦❧♦❣✐❝❛❧ ❘❡✈✐❡✇✱ ✷✷✭✺✮✿✺✶✾✕✺✷✼✳
❙❤❛♠%✐♣♦✉$✱ ▼✳✱ ❨✉♥❡%✐❛♥✱ ▼✳✱ ❋♦.♦✉❤✐✱ ❆✳✱ ❏❛♥♥✱ ❇✳✱ ❘❛❤✐♠✐✲▼♦✈❛❣❤❛$✱ ❆✳✱ ❆%✲
❣❤❛$✐✱ ❋✳✱ ❛♥❞ ❆❦❤❧❛❣❤✐✱ ❆✳ ❆✳ ✭✷✵✶✹✮✳ ❊%.✐♠❛.✐♥❣ .❤❡ ♣$❡✈❛❧❡♥❝❡ ♦❢ ✐❧❧✐❝✐. ❞$✉❣ ✉%❡
❛♠♦♥❣ %.✉❞❡♥.% ✉%✐♥❣ .❤❡ ❝$♦%%✇✐%❡ ♠♦❞❡❧✳ ❙✉❜0(❛♥❝❡ ❯0❡ ✫ ▼✐0✉0❡✱ ✹✾✭✶✵✮✿✶✸✵✸✕
✶✸✶✵✳
❙✐♠❡%✱ ❘✳ ❏✳ ✭✶✾✽✻✮✳ ]✉❜❧✐❝❛.✐♦♥ ❜✐❛%✿ ❚❤❡ ❝❛%❡ ❢♦$ ❛♥ ✐♥.❡$♥❛.✐♦♥❛❧ $❡❣✐%.$② ♦❢
❝❧✐♥✐❝❛❧ .$✐❛❧%✳ ❏♦✉#♥❛❧ ♦❢ ❈❧✐♥✐❝❛❧ ❖♥❝♦❧♦❣②✱ ✹✿✶✺✷✾✕✶✺✹✶✳
❙✐♠♠❡❧✱ ●✳ ✭✶✾✵✷✮✳ ❚❤❡ ♥✉♠❜❡$ ♦❢ ♠❡♠❜❡$% ❛% ❞❡.❡$♠✐♥✐♥❣ .❤❡ %♦❝✐♦❧♦❣✐❝❛❧ ❢♦$♠
♦❢ .❤❡ ❣$♦✉♣✳ ✐✐✳ ❆♠❡#✐❝❛♥ ❏♦✉#♥❛❧ ♦❢ ❙♦❝✐♦❧♦❣②✱ ✽✭✷✮✿✶✺✽✕✶✾✻✳
❙✐♠♦♥%♦❤♥✱ ❯✳✱ ◆❡❧%♦♥✱ ▲✳ ❉✳✱ ❛♥❞ ❙✐♠♠♦♥%✱ ❏✳ ]✳ ✭✷✵✶✹✮✳ ]✲❝✉$✈❡✿ ❆ ❦❡② .♦ .❤❡
✜❧❡✲❞$❛✇❡$✳ ❏♦✉#♥❛❧ ♦❢ ❊①♣❡#✐♠❡♥(❛❧ 10②❝❤♦❧♦❣②✿ ●❡♥❡#❛❧✱ ✶✹✸✭✷✮✿✺✸✹✕✺✹✼✳
❙✐♥✱ ❙✳✲❈✳ ❏✳ ✭✷✵✶✶✮✳ ■♥.❡$♥❛.✐♦♥❛❧ ❝♦❛✉.❤♦$%❤✐♣ ❛♥❞ ❝✐.❛.✐♦♥ ✐♠♣❛❝.✿ ❆ ❜✐❜❧✐♦♠❡.$✐❝
%.✉❞② ♦❢ %✐① ▲■❙ ❥♦✉$♥❛❧%✱ ✶✾✽✵✕✷✵✵✽✳ ❏♦✉#♥❛❧ ♦❢ (❤❡ ❆00♦❝✐❛(✐♦♥ ❢♦# ■♥❢♦#♠❛(✐♦♥
❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱ ✻✷✭✾✮✿✶✼✼✵✕✶✼✽✸✳
❙♦❡❦❡♥✱ ❑✳ ▲✳ ❛♥❞ ▼❛❝$❡❛❞②✱ ●✳ ❇✳ ✭✶✾✽✷✮✳ ❘❡%♣♦♥❞❡♥.%✬ ♣❡$❝❡✐✈❡❞ ♣$♦.❡❝.✐♦♥
✇❤❡♥ ✉%✐♥❣ $❛♥❞♦♠✐③❡❞ $❡%♣♦♥%❡✳ 10②❝❤♦❧♦❣✐❝❛❧ ❇✉❧❧❡(✐♥✱ ✾✷✭✷✮✿✹✽✼ ✕ ✹✽✾✳
❙.❛♥❧❡②✱ ❚✳ ✭✷✵✵✺✮✳ ❇❡②♦♥❞ ♣✉❜❧✐❝❛.✐♦♥ ❜✐❛%✳ ❏♦✉#♥❛❧ ♦❢ ❊❝♦♥♦♠✐❝ ❙✉#✈❡②✱
✶✾✭✸✮✿✸✵✾✕✸✸✼✳
❙.❡♥❡❝❦✱ ◆✳ ❍✳ ✭✷✵✵✻✮✳ ❋♦%.❡$✐♥❣ ✐♥.❡❣$✐.② ✐♥ $❡%❡❛$❝❤✿ ❉❡✜♥✐.✐♦♥%✱ ❝✉$$❡♥. ❦♥♦✇❧✲
❡❞❣❡✱ ❛♥❞ ❢✉.✉$❡ ❞✐$❡❝.✐♦♥%✳ ❙❝✐❡♥❝❡ ❛♥❞ ❊♥❣✐♥❡❡#✐♥❣ ❊(❤✐❝0✱ ✶✷✭✶✮✿✺✸✕✼✹✳
❙.❡$❧✐♥❣✱ ❚✳ ❉✳ ✭✶✾✺✾✮✳ ]✉❜❧✐❝❛.✐♦♥ ❞❡❝✐%✐♦♥ ❛♥❞ .❤❡ ♣♦%%✐❜❧❡ ❡✛❡❝.% ♦♥ ✐♥❢❡$❡♥❝❡%
❞$❛✇♥ ❢$♦♠ .❡%.% ♦❢ %✐❣♥✐✜❝❛♥❝❡ ✲ ♦$ ✈✐❝❡ ✈❡$%❛✳ ❏♦✉#♥❛❧ ♦❢ (❤❡ ❆♠❡#✐❝❛♥ ❙(❛(✐0(✐❝❛❧
❆00♦❝✐❛(✐♦♥✱ ✺✹✿✸✵✕✸✹✳
❙.❡$❧✐♥❣✱ ❚✳ ❉✳✱ ❘♦%❡♥❜❛✉♠✱ ❲✳ ▲✳✱ ❛♥❞ ❲❡✐♥❦❛♠✱ ❏✳ ❏✳ ✭✶✾✾✺✮✳ ]✉❜❧✐❝❛.✐♦♥ ❜✐❛%
$❡✈✐%✐.❡❞✿ ❚❤❡ ❡✛❡❝. ♦❢ .❤❡ ♦✉.❝♦♠❡ ♦❢ %.❛.✐%.✐❝❛❧ .❡%.% ♦♥ .❤❡ ❞❡❝✐%✐♦♥ .♦ ♣✉❜❧✐%❤
❛♥❞ ✈✐❝❡ ✈❡$%❛✳ ❆♠❡#✐❝❛♥ ❙(❛(✐0(✐❝✐❛♥✱ ✹✾✿✶✵✽✕✶✶✷✳
❙✉❞✱ ]✳ ❛♥❞ ❚❤❡❧✇❛❧❧✱ ▼✳ ✭✷✵✶✻✮✳ ◆♦. ❛❧❧ ✐♥.❡$♥❛.✐♦♥❛❧ ❝♦❧❧❛❜♦$❛.✐♦♥ ✐% ❜❡♥❡✜❝✐❛❧✿
❚❤❡ ▼❡♥❞❡❧❡② $❡❛❞❡$%❤✐♣ ❛♥❞ ❝✐.❛.✐♦♥ ✐♠♣❛❝. ♦❢ ❜✐♦❝❤❡♠✐❝❛❧ $❡%❡❛$❝❤ ❝♦❧❧❛❜♦$❛.✐♦♥✳
❏♦✉#♥❛❧ ♦❢ (❤❡ ❆00♦❝✐❛(✐♦♥ ❢♦# ■♥❢♦#♠❛(✐♦♥ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ✱ ✻✼✭✽✮✿✶✽✹✾✕
✶✽✺✼✳
✶✾✵
❚❤♦♠❛%✱ ❑✳✱ ❏♦❤❛♥♥✱ ❉✳✱ ❑,✐.③✐♥❣❡,✱ ❙✳✱ 3❧❡%❝✐❛✱ ❈✳✱ ❛♥❞ ❩❡❣❧♦✈✐.%✱ ❊✳ ✭✷✵✶✻✮✳
❊%.✐♠❛.✐♥❣ %❡♥%✐.✐✈❡ ❜❡❤❛✈✐♦,✿ ❚❤❡ ■❈❚ ❛♥❞ ❤✐❣❤✲✐♥❝✐❞❡♥❝❡ ❡❧❡❝.♦,❛❧ ❜❡❤❛✈✐♦,✳
■♥"❡$♥❛"✐♦♥❛❧ ❏♦✉$♥❛❧ ♦❢ ,✉❜❧✐❝ ❖♣✐♥✐♦♥ ❘❡2❡❛$❝❤✱ ♣❛❣❡ ❡❞✇✵✵✷✳
❚♦✉,❛♥❣❡❛✉✱ ❘✳ ✭✶✾✽✹✮✳ ❈♦❣♥✐.✐✈❡ %❝✐❡♥❝❡% ❛♥❞ %✉,✈❡② ♠❡.❤♦❞%✳ ■♥ ❏❛❜✐♥❡✱ ❚✳ ❇✳✱
❙.,❛❢✱ ▼✳ ▲✳✱ ❚❛♥✉,✱ ❏✳ ▼✳✱ ❛♥❞ ❚♦✉,❛♥❣❡❛✉✱ ❘✳✱ ❡❞✐.♦,%✱ ❈♦❣♥✐"✐✈❡ ❆2♣❡❝"2 ♦❢ ❙✉$✈❡②
▼❡"❤♦❞♦❧♦❣②✿ ❇✉✐❧❞✐♥❣ ❆ ❇$✐❞❣❡ ❇❡"✇❡❡♥ ❉✐2❝✐♣❧✐♥❡2✳ ❘❡♣♦$" ♦❢ "❤❡ ❆❞✈❛♥❝❡❞ ❘❡✲
2❡❛$❝❤ ❙❡♠✐♥❛$ ♦♥ ❈♦❣♥✐"✐✈❡ ❆2♣❡❝"2 ♦❢ ❙✉$✈❡② ▼❡"❤♦❞♦❧♦❣② ✱ ♣❛❣❡% ✼✸✕✶✵✵✳ ❲❛%❤✲
✐♥❣.♦♥✿ ◆❛.✐♦♥❛❧ ❆❝❛❞❡♠✐❡% 3,❡%%✳
❚♦✉,❛♥❣❡❛✉✱ ❘✳✱ ❘✐♣%✱ ▲✳ ❏✳✱ ❛♥❞ ❘❛%✐♥%❦✐✱ ❑✳ ✭✷✵✵✵✮✳ ❚❤❡ ,2②❝❤♦❧♦❣② ♦❢ ❙✉$✈❡②
❘❡2♣♦♥2❡✳ ❈❛♠❜,✐❞❣❡✿ ❈❛♠❜,✐❞❣❡ ❯♥✐✈❡,%✐.② 3,❡%%✳
❚♦✉,❛♥❣❡❛✉✱ ❘✳ ❛♥❞ ❨❛♥✱ ❚✳ ✭✷✵✵✼✮✳ ❙❡♥%✐.✐✈❡ Z✉❡%.✐♦♥% ✐♥ %✉,✈❡②%✳ ,2②❝❤♦❧♦❣✐❝❛❧
❇✉❧❧❡"✐♥✱ ✶✸✸✭✺✮✿✽✺✾✳
❚%✉❝❤✐②❛✱ ❚✳✱ ❍✐,❛✐✱ ❨✳✱ ❛♥❞ ❖♥♦✱ ❙✳ ✭✷✵✵✼✮✳ ❆ %.✉❞② ♦❢ .❤❡ ♣,♦♣❡,.✐❡% ♦❢ .❤❡ ✐.❡♠
❝♦✉♥. .❡❝❤♥✐Z✉❡✳ ,✉❜❧✐❝ ❖♣✐♥✐♦♥ ◗✉❛$"❡$❧②✱ ✼✶✭✷✮✿✷✺✸✕✷✼✷✳
❚✉,♥❡,✱ ❊✳ ❍✳✱ ▼❛..❤❡✇%✱ ❆✳ ▼✳✱ ▲✐♥❛,❞❛.♦%✱ ❊✳✱ ❚❡❧❧✱ ❘✳ ❆✳✱ ❛♥❞ ❘♦❜❡,.✱ ❘✳ ✭✷✵✵✽✮✳
❙❡❧❡❝.✐✈❡ ♣✉❜❧✐❝❛.✐♦♥ ♦❢ ❛♥.✐❞❡♣,❡%%❛♥. .,✐❛❧% ❛♥❞ ✐.% ✐♥✢✉❡♥❝❡ ♦♥ ❛♣♣❛,❡♥. ❡✣❝❛❝②✳
❚❤❡ ◆❡✇ ❊♥❣❧❛♥❞ ❏♦✉$♥❛❧ ♦❢ ▼❡❞✐❝✐♥❡✱ ✸✺✽✭✸✮✿✷✺✷✕✷✻✵✳
❚✈❡,%❦②✱ ❆✳ ❛♥❞ ❑❛❤♥❡♠❛♥✱ ❉✳ ✭✶✾✼✹✮✳ ❏✉❞❣♠❡♥. ✉♥❞❡, ✉♥❝❡,.❛✐♥.②✿ ❍❡✉,✐%.✐❝%
❛♥❞ ❜✐❛%❡%✳ ❙❝✐❡♥❝❡✱ ✶✽✺✭✹✶✺✼✮✿✶✶✷✹✕✶✶✸✶✳
❯❧,✐❝❤✱ ❘✳✱ ❙❝❤,`.❡,✱ ❍✳✱ ❙.,✐❡❣❡❧✱ ❍✳✱ ❛♥❞ ❙✐♠♦♥✱ 3✳ ✭✷✵✶✷✮✳ ❆%❦✐♥❣ %❡♥%✐.✐✈❡ Z✉❡%✲
.✐♦♥%✿ ❆ %.❛.✐%.✐❝❛❧ ♣♦✇❡, ❛♥❛❧②%✐% ♦❢ ,❛♥❞♦♠✐③❡❞ ,❡%♣♦♥%❡ ♠♦❞❡❧%✳ ,2②❝❤♦❧♦❣✐❝❛❧
▼❡"❤♦❞2✱ ✶✼✭✹✮✿✻✷✸✳
❯♠❡%❤✱ ❯✳ ◆✳ ❛♥❞ 3❡.❡,%♦♥✱ ❘✳ ❆✳ ✭✶✾✾✶✮✳ ❆ ❝,✐.✐❝❛❧ ❡✈❛❧✉❛.✐♦♥ ♦❢ .❤❡ ,❛♥❞♦♠✲
✐③❡❞ ,❡%♣♦♥%❡ ♠❡.❤♦❞ ❛♣♣❧✐❝❛.✐♦♥%✱ ✈❛❧✐❞❛.✐♦♥✱ ❛♥❞ ,❡%❡❛,❝❤ ❛❣❡♥❞❛✳ ❙♦❝✐♦❧♦❣✐❝❛❧
▼❡"❤♦❞2 ✫ ❘❡2❡❛$❝❤✱ ✷✵✭✶✮✿✶✵✹✕✶✸✽✳
❱❛❦✐❧✐❛♥✱ ❑✳✱ ❆❜❜❛% ▼♦✉%❛✈✐✱ ❙✳✱ ❑❡,❛♠❛.✱ ❆✳✱ ❛♥❞ ❈❤❛♠❛♥✱ ❘✳ ✭✷✵✶✻✮✳ ❑♥♦✇❧❡❞❣❡✱
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